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ABSTRACT 
Constructed wetland treatment systems (CWTSs) have been used to renovate 
produced water (PW) from natural gas for reuse or discharge.  The objectives of this 
study were to 1) characterize PW from coal bed methane (CBM), a type of 
unconventional gas,  at a producing field in the Black Warrior Basin and identify 
constituents of concern (COCs); 2) design and construct an on-site demonstration CWTS 
to decrease COC concentrations; 3) assess treatment performance by measuring removal 
extents, efficiencies, and rates; and 4) compare treatment performance of wetlands with 
two organic carbon amendments (AquaSmartTM and shredded hardwood mulch).  The 
demonstration CWTS design enabled treatment of COCs (ammonia, Ba, Cd, Fe, Mn) by 
targeting specific biogeochemical pathways, including nitrification and denitrification of 
ammonia to nitrogen gas, precipitation of Ba in the presence of sulfate, precipitation of 
Cd by sulfides produced through dissimilatory sulfate reduction, and oxidation and 
sorption of Fe and Mn.  Concentrations of COCS in inflow and outflow of CWTS cells 
were measured bi-weekly for 6 months.  Analyses of PW samples indicated inflow 
concentrations of 0.1-3.3 mg ammonia-N/L, 5.4-42 mg Ba/L, 0.11-0.28 μg Cd/L, 0.101-
2.44 mg Fe/L, and 0.020-0.169 mg Mn/L.  Constituent concentrations in CWTS outflow 
decreased consistently to less than water quality criteria (Clean Water Act guidelines; 1.4 
mg ammonia-N/L, 1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L).  
Although inflow concentrations of COCs varied, achievement of water quality guidelines 
indicated a robust design for the demonstration CWTS.  Because COCs encountered in 
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this study occur in PWs associated with other types of unconventional gas, this treatment 
design should be applicable to many gas fields.
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CHAPTER ONE 
INTRODUCTION 
Global supplies of freshwater are diminishing due to overuse and contamination, 
creating a need for viable water recycling options (Vymazal et al. 2006).  Dwindling 
freshwater resources can ultimately lead to food shortages, human health consequences, 
economic damage, fuel conflicts, and environmental degradation (Asano et al. 2007; 
Meybeck and Helmer 1996; Pham et al. 2011; Vymazal et al. 2006).  The purpose of 
water management is to minimize the risks associated with deteriorating water quality 
and resources.  By treating water of compromised quality, the valuable resource becomes 
available for reuse or discharge.  Depending on the intended use of the water, different 
levels of treatment are required (De Koning et al. 2008; Pham et al. 2011). 
Rising human population has amplified the demand for natural gas production, 
which is generating large volumes of water byproduct during the process.  This water 
byproduct is known as produced water (PW), and represents one of the largest waste 
streams in the United States.  Produced waters can be generated through oil and gas 
production from conventional reservoirs, shale, coal beds, and tight sands.  Both physical 
and chemical properties of PWs are site specific and vary due to prolonged contact with 
host rock formations and oil and natural gas extraction techniques (Alley et al. 2011; 
Murray-Gulde et al. 2003).  In 2007, a combined 21 billion barrels of water (1 barrel = 42 
U.S. gallons) were produced from nearly 1 million wells in the United States (Clark and 
Veil 2009). 
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Coal bed methane produced waters (CBMPWs) are generated when methane is 
extracted from within water-bearing geologic units.  Groundwater pressurizes the coal 
bed causing methane gas to adsorb to the coal (Rice et al. 2000).  When that water is 
pumped out of the ground, the methane gas begins to desorb due to the decrease in 
pressure, and the gas can then be removed from the ground alongside the water.  
Treatment and subsequent beneficial reuse of CBMPW are appealing for the following 
reasons: 1) large quantities of PW are generated during CBM extraction (API 2000; 
Khatib and Verbeek 2003); 2) CBM is produced predominantly in arid and semi-arid 
regions where water is scarce (Rice and Nuccio 2000); and 3) CBM extraction is rapidly 
expanding, so practical treatment options are essential to protect our water supply (Rice 
and Nuccio 2000; Vymazal et al. 2006).  Potential options for reuse include water for 
drinking, irrigation, livestock, recreation, aquaculture, industrial cooling, wildlife habitat, 
and aquifer recharge (Veil et al. 2004). 
Constructed wetland treatment systems (CWTSs) are an economically viable and 
environmentally sound option designed for onsite treatment of many types of impaired 
water, including PWs (Horner et al. 2012; Vymazal et al. 2006).  CWTSs operate by 
targeting specific constituents of concern (COCs) found in the PW.  COCs are 
compounds or elements that require treatment to meet water use guidelines, which can 
vary depending on the intended use of the water.  Treatment is achieved by creating an 
environment that supports biogeochemical pathways of removal to decrease COC 
concentrations and bioavailability (Horner et al. 2012).  Constructed wetland treatment 
systems can be designed to effectively treat a variety of waters (Rodgers and Castle 
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2008).  By combining the technology from various types of constructed wetland designs, 
hybrid systems can be used to achieve a wider range of treatment.  Constructed wetlands 
have successfully treated various types of impaired water for nearly 50 years and have 
proven to be a low-energy and low-cost (as low as 0.001$/bbl; Jackson and Myers 2002) 
alternative to conventional water treatment methods (Chen 2011; Dorman et al. 2009; 
Economopoulou and Tsihrintzis 2004; Nelson and Gladden 2008; Vymazal et al. 2006; 
Vymazal 2011).  Mooney and Murray-Gulde (2008) found that construction costs for 
CWTSs are commonly 50 to 70 % less than for conventional treatment systems, with 
CWTS operation and maintenance costs between $0.25 and $0.80 per 1000 gallons (23.8 
bbl) of water treated. 
Pilot-scale studies of CWTSs have been completed in support of designing 
demonstration and full-scale systems (Alley et al. 2013; Beebe et al. 2013; Beebe et al. 
2015; Horner et al. 2012; Huddleston et al. 2000; Johnson et al. 2008; Kanagy et al. 2008; 
Pardue et al. 2014; Spacil et al. 2011; Van Heest 2012).  These experiments characterized 
specific types of PW and assessed conditions to promote the biogeochemical pathways 
best suited to treat constant concentrations of known COCs.  Produced waters 
characterized during these studies included: conventional natural gas PW, shale gas PW, 
CBMPW, and tight gas sand PW.  The pilot-scale studies were designed to test CWTSs 
for the following: 
1. Simulated post-reverse osmosis PW and the effect of adding zeolite for sorption; 
2. PW containing divalent metals and low-molecular weight organics and the effect 
of water depth; 
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3. PW containing metalloids and low molecular weight organics and the effect of 
adding a nutrient amendment; and 
4. PW containing oil and grease and the effect of adding an oil/water separator. 
Pilot-scale CWTS studies also included investigation of amendments such as 
AquasmartTM (Diamond V Corporation, Cedar Rapids, IA, USA), which is a nutrient 
product, and shredded hardwood mulch to provide nutrients and a source of organic 
carbon.  These amendments help transform certain COCs by promoting reducing 
sediment conditions.  The pilot-scale CWTSs provided results that can improve critical 
design features of demonstration- and full-scale systems.  Pilot-scale studies also provide 
removal rate coefficients and removal extents for COCs that are critical to the design of 
large-scale systems (Horner et al. 2012). 
 Although treatment of various types of simulated PW in pilot-scale studies of 
CWTSs has been successful, data are needed to assess the on-site treatment of PWs that 
vary in composition with time.  Therefore, the goal of this research was to design and 
construct a demonstration CWTS for coal bed methane PW and to measure treatment 
performance.  In collaboration with Chevron as an industry partner, a site for the 
demonstration system was chosen at the Blue Creek Coal Bed Methane Field in the Black 
Warrior Basin near Berry, Alabama.  The Black Warrior Basin was one of the first basins 
to commercially produce CBM on a large scale (production began in the early 1980s), 
and it has become a highly developed region of CBM production (Bodden and Ehrlich 
1998; Moore 2012; Pashin et al. 2015).  The CBM is produced primarily from the 
Pennsylvanian Upper Pottsville Formation (Pashin 2007). 
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This research assessed treatment of PW at the actively producing Blue Creek 
CBM Field in the Black Warrior Basin.  Specific objectives of this investigation were to: 
(1) design and construct a demonstration CWTS and measure performance in terms of 
decrease in concentrations of targeted constituents, and (2) compare performance of 
adding AquasmartTM versus adding mulch as an organic amendment in the CWTS.   
(1) Design and construct a demonstration CWTS and measure performance. 
The approach in objective one was to characterize the site PW to identify 
constituents that did not meet water quality criteria for purposes of reuse or discharge.  
Reuse and discharge criteria were examined to evaluate post-treatment options for the 
produced water.  Concentrations of constituents were compared to chosen water quality 
guidelines for human health and aquatic life from the Clean Water Act Section 304(a) 
(USEPA 1972).  Because concentrations of ammonia, barium, cadmium, iron, 
manganese, and selenium were found to be greater than the water quality guidelines in at 
least one sample, these constituents were identified as COCs to be targeted in the 
demonstration wetland.  The demonstration CWTS was designed to promote conditions 
required for treatment of site-specific COCs identified from the water samples analyzed, 
as well as additional COCs (e.g. oil and grease, metals, metalloids) that may be present in 
other types of PWs.  Explanatory parameters (temperature, pH, conductivity, dissolved 
oxygen concentration, and sediment redox potential) were monitored to ensure conditions 
were within the ranges required for treatment. 
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(2) Compare performance of two organic amendments (AquasmartTM and mulch). 
After the conclusion of the experiment, the performance of two CWTS series with 
AquasmartTM added were compared to two series with shredded hardwood mulch added 
as an organic amendment.  The removal extents, removal efficiencies, removal rates of 
COCs were compared.   
(3) Thesis Organization 
This thesis is organized into four chapters including the Introduction (Chapter 1) 
and Conclusions (Chapter 4).  The two body chapters are written and structured as 
independent manuscripts intended for publication in peer-reviewed journals.  The two 
manuscripts are as follows: 
Chapter 2: Design, construction, and performance of a demonstration constructed 
wetland treatment system for coal bed methane produced water. 
Chapter 3: Treatment performance of constructed wetland systems with organic 
carbon amendments.  
Collectively, this research provides characterization of CBMPW at the Blue Creek CBM 
Field in Alabama and design parameters for a demonstration CWTS.  An understanding 
of the variance of produced water, as well as sediment conditions and treatment processes 
in this CWTS, can improve the design and effectiveness of full-scale CWTSs to treat 
impaired waters. 
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Abstract 
Constructed wetland treatment systems (CWTSs) have been used to renovate 
produced water (PW) from natural gas for reuse or discharge.  The objectives of this 
study were to 1) characterize PW from coal bed methane (CBM), a type of 
unconventional gas,  at a producing field in the Black Warrior Basin and identify 
constituents of concern (COCs); 2) design and construct an on-site demonstration CWTS 
to decrease COC concentrations; and 3) assess treatment performance by measuring 
removal extents, efficiencies, and rates.  The demonstration CWTS design enabled 
treatment of COCs (i.e. ammonia, Ba, Cd, Fe, and Mn) by targeting specific 
biogeochemical pathways, including nitrification and denitrification of ammonia to 
nitrogen gas, precipitation of Ba in the presence of sulfate, precipitation of Cd by sulfides 
produced through dissimilatory sulfate reduction, and oxidation and sorption of Fe and 
Mn.  Concentrations of COCS in inflows and outflows of CWTS cells were measured bi-
weekly for 6 months.  Analyses of PW samples indicated inflow concentrations of 0.1-3.3 
mg ammonia-N/L, 5.4-42 mg Ba/L, 0.11-0.28 μg Cd/L, 0.101-2.44 mg Fe/L, and 0.020-
0.169 mg Mn/L.  Constituent concentrations in CWTS outflow decreased consistently to 
less than chosen water quality criteria (Clean Water Act guidelines for aquatic life and 
human health; 1.4 mg ammonia-N/L, 1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 
mg Mn/L).  Although inflow concentrations of COCs varied, achievement of water 
quality criteria indicated a robust design for the demonstration CWTS.  Since COCs 
encountered in this study occur in PWs associated with other types of unconventional 
gas, this treatment design should be applicable to many gas fields. 
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1. Introduction 
Coal bed methane (CBM) represented approximately 8.5 % of natural gas 
production in 2010 in the United States (American Association of Petroleum Geologists 
2014).  The United States has the largest CBM production in the world, the majority of 
which occurs in the Black Warrior (Alabama), San Juan (New Mexico, Utah, and 
Colorado), and the Powder River (Wyoming) basins (Moore 2012).  Coal bed methane 
produced waters (CBMPWs) are generated when methane is extracted from water-
bearing geologic units.  Groundwater pressurizes the coal bed causing methane gas to 
adsorb to the coal (Rice et al. 2000).  When that water is pumped out of the ground, the 
methane gas begins to desorb due to the decrease in pressure, and the gas can then be 
removed from the ground with the water.  During production of crude oil and natural gas 
in 2007 alone, a combined 21 billion barrels of water (1 barrel = 42 U.S. gallons) were 
produced from nearly 1 million wells in the United States (Clark and Veil 2009).   
Treatment and subsequent beneficial reuse of CBMPW is appealing for the 
following reasons: 1) large quantities of PW are generated during CBM extraction (API 
2000; Khatib and Verbeek 2003); 2) CBM is produced predominantly in arid and semi-
arid regions where water is scarce (Rice and Nuccio 2000); and 3) CBM extraction is 
rapidly expanding, so practical treatment options are essential to protect our water supply 
(Rice and Nuccio 2000; Vymazal et al. 2006).  Potential options for PW reuse include 
water for drinking, irrigation, livestock, recreation, aquaculture, industrial cooling, 
wildlife habitat, and aquifer recharge (Veil et al. 2004). 
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Constructed wetland treatment systems (CWTSs) may offer an economically 
viable (costs as low as 0.001$/bbl PW; Jackson and Myers 2002) and environmentally 
sound option for treatment of many types of impaired waters including PWs (Chen 2011; 
Dorman et al. 2009; Economopoulou and Tsihrintzis 2004; Horner et al. 2012; Nelson 
and Gladden 2008; Vymazal et al. 2006; Vymazal 2011).  Mooney and Murray-Gulde 
(2008) found that construction costs for CWTSs are commonly 50 to 70 % less than for 
conventional treatment systems, with CWTS operation and maintenance costs between 
$0.25 and $0.80 per 1000 gallons (23.8 bbl) of water treated.  CWTSs target specific 
constituents of concern (COCs) found in PW.  COCs are compounds or elements that 
require treatment to meet specific water use guidelines, which can vary depending on the 
intended use of the water.  Treatment is achieved by creating an environment that 
supports biogeochemical pathways of removal to decrease COC concentrations (Horner 
et al. 2012).  CWTSs can be designed to effectively treat a variety of waters (Rodgers and 
Castle 2008).  In addition, CWTSs are resistant to changes in system conditions and can 
treat multiple COCs simultaneously (Kadlec and Srinivasan 1995; Lim et al. 2001; 
Rodgers and Castle 2008).  By combining the technology from different types of 
constructed wetland designs, systems can be used to achieve treatment for a wide range 
of COCs.  
Although treatment performance has been achieved for a variety of simulated 
PWs in pilot-scale studies of CWTSs (Alley et al. 2013; Beebe et al. 2013; Beebe et al. 
2015; Horner et al. 2012; Huddleston et al. 2000; Johnson et al. 2008; Kanagy et al. 2008; 
Pardue et al. 2014; Spacil et al. 2011), data are needed to assess the on-site treatment of 
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actual PWs that vary in composition with time.  Therefore, the goal of this research was 
to design and construct an on-site demonstration CWTS for PW to achieve water quality 
with constituents of concern below chosen guideline concentrations for aquatic life and 
human health (Clean Water Act Section 304(a); 1.4 mg ammonia-N/L, 1.0 mg Ba/L, 0.25 
μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L; USEPA 1972) and to measure treatment 
performance.  In collaboration with Chevron as an industry partner, a site for the 
demonstration system was chosen at the Blue Creek Coal Bed Methane Field in the Black 
Warrior Basin near Berry, Alabama.  This basin formed during late Paleozoic time from 
the convergence of the Appalachian and Ouachita orogenic belts, with CBM production 
beginning in the early 1980s (Pashin 2015).  Most CBM production in the Black Warrior 
Basin is from the Pennsylvanian Upper Pottsville Formation (Milici 2010, Pashin 2007), 
where peak gas production rates range from less than 2800 m3/day to over 17,000 
m3/day (Pashin 2010). 
Specific objectives of this investigation were to 1) characterize the CBMPW in 
Blue Creek Field and identify COCs, 2) design and construct a demonstration CWTS to 
renovate the PW onsite, and 3) measure treatment performance of the demonstration 
system in terms of decreases in concentrations of targeted constituents.  
 
2. Materials and Methods 
2.1 Characterization of the site CBMPW and identification of COCs 
Three PW samples were collected from Blue Creek field on 6/7/2011, 5/29/2012, 
and 6/11/2012 in acid-washed 1-L sample bottles from an onsite water station holding 
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tank where produced water from multiple wells is stored prior to disposal.  The samples 
were stored in a cooler on ice and transported to Clemson University, where they were 
analyzed for explanatory parameters and concentrations of ammonia, nitrate, oil and 
grease, sulfate, Al, As, Ba, Be, Br, Ca, Cd, Cl, Co, Cr, Cu, Fe, Hg, Mg, Mn, Na, Ni, Pb, 
Se, Sr, V, and Zn.  After 25 mL of sample was filtered using 0.45-μm syringe filters 
(EMD Millipore Corporation; MCE membrane), 1 mL of filtered sample was transferred 
gravimetrically to an acid-washed 15 mL centrifuge tube and brought to a volume of 10 
mL with 2 % trace metal grade nitric acid.  Samples were analyzed using inductively-
coupled plasma mass-spectrometry (ICP-MS) (Thermo Scientific X Series) according to 
EPA Method 200.8 (USEPA 1994).  Gallium and Yttrium internal standard recoveries 
were within 80 to 120 % according to instrument quality assurance/quality control 
protocol.  Ammonia (as N) was measured according to standard methods (4500D; APHA 
2005) using an Orion® model 95-12HP ammonia-selective electrode (Table 1).  
Concentrations of constituents were compared to chosen water quality guidelines 
for human health and aquatic life from the Clean Water Act Section 304(a) (Table 2; 
USEPA 1972).  Constituents with concentrations greater than the WQC were identified 
as COCs.   
 
2.2 Design and construction of the demonstration CWTS 
The demonstration CWTS was designed to target biogeochemical processes for 
removal of COCs identified by analysis of the site PW samples.  Treatment pathways 
were based on fundamental reactions that transfer or transform the targeted constituents.  
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In support of designing a demonstration CWTS, pilot-scale studies were completed, 
treating simulated PW containing dissolved solids, metals, metalloids, organic 
compounds, and nitrogenous compounds (Alley et al. 2013; Beebe et al. 2013; Beebe et 
al. 2015; Horner et al. 2012; Huddleston et al. 2000; Johnson et al. 2008; Kanagy et al. 
2008; Pardue et al. 2014; Spacil et al. 2011; Van Heest 2012).  Targeted processes for the 
demonstration CWTS and the conditions that promote these processes were determined 
from a review of pilot-scale studies and other literature treating similar constituents 
(Table 3).  These studies included investigation of amendments such as a fermented yeast 
product (AquaSmartTM, Diamond V Corporation, Cedar Rapids, IA, USA) and shredded 
mulch to provide nutrients to plants and microbes and to promote reducing conditions.  
Pilot-scale studies provided removal rate coefficients for COCs that were used for the 
design of this system (Table 4).  The demonstration CWTS was designed to promote 
conditions required for treatment of the site-specific COCs identified from the initial 
water samples analyzed.  
Removal rate coefficients for ammonia, Cd, Fe, Mn, and Se from studies of PW 
treatment using pilot-scale CWTSs (Castle et al. 2013) were used to calculate the 
hydraulic retention time (HRT) needed in the demonstration system (Table 4).  The 
greatest concentrations of each COC (ammonia, Cd, Fe, Mn, and Se) measured in the 
three initial PW samples for the demonstration system were used in the calculation to 
ensure that removal could occur (Table 4). The goal was to allow enough time for 
concentrations of each COC in the CBMPW to decrease to a desired outflow 
concentration (Eq. 1). 
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𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐻𝑅𝑇 (𝑡)  =  
− 𝑙𝑛([𝐶] [𝐶𝑜]⁄ )
𝑘                   
(1) 
where [Co] is the concentration (mg/L) of a COC in the inflow, [C] is the targeted 
treatment concentration (mg/L), k is the first-order rate coefficient (day-1), and t is the 
time (days) and corresponds to HRT of the system.  Using the longest HRT from Eq. (1) 
in Eq. (2), a conservative estimate of the CWTS areal extent needed to treat water at a 
specific flow rate was made: 
𝐴 =  
𝑄 𝐻𝑅𝑇
𝑑
        (2) 
where A is the areal extent (m2), Q is the flow rate of water through the CWTS (L day-1), 
and d is water depth (m).  When designing the demonstration system, the size and 
quantity of Rubbermaid®containers needed to facilitate treatment of each COC was 
determined by calculating the areal extent (m2).  Flow rate (Q) of PW into the system can 
be manipulated to adjust HRT. 
 
2.3 Measure Conditions and Performance 
The demonstration system, shown in Figure 1 and described in the Results 
section, was constructed on May 30, 2012, and planting of cattails was completed on 
May 31, 2012.  Initially, municipal water was introduced to the system from 5/31/2012 to 
9/3/2012 to allow growth and acclimation of the cattails and microbes prior to 
introduction of produced water.  Produced water was introduced to the system 14 weeks 
after construction on September 3, 2012.  Conductivity, pH, dissolved oxygen (DO) 
concentration, sediment oxidation-reduction (redox) potential, and temperature were 
measured in each CWTS cell on 7/10/2012 and 8/22/2012 to evaluate system readiness 
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and then biweekly after introduction of PW on 9/3/2012 until 3/28/2013.  Temperature 
and pH were measured using an Orion® model A325 field instrument (Table 1).  
Conductivity and DO concentration were measured using YSI® model 30 and YSI model 
55 field instruments, respectively.  Alkalinity and hardness were measured as CaCO3 
concentration using standard methods (APHA 2005).  Sediment redox potential was 
measured in the center of each cell at a depth of 3 cm below the sediment-water interface 
using a GDT-11 Multi-meter connected to an in-situ platinum-tipped electrode and an 
Accumet® calomel reference electrode (Faulkner et al., 1989).   
Performance was measured by sampling inflow to the system and outflow from 
each of the 16 wetland cells and then determining the removal extent (the concentration 
of a COC in wetland system outflow), first-order removal rate coefficients (k, day-1), and 
removal efficiency (the percent decrease in concentration of a COC from inflow to 
outflow) of each COC for each cell and series.  Aqueous samples were collected bi-
weekly on 14 sampling dates (9/6/2012 to 3/28/2013).  Acid-washed 500-mL plastic 
Nalgene bottles were filled at each of the 17 sampling locations, stored in a cooler on ice, 
and transported to Clemson University for analysis.  These samples were analyzed for 
explanatory parameters and concentrations of COCs using standard methods (APHA 
2005; USEPA 1994; Table 1).   
Treatment performance of the CWTS was evaluated by calculating removal 
efficiency for each COC and each series for each sampling date using Equation 3. 
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (
[𝐶]0−[𝐶]
[𝐶]0
) × 100                                  (3)  
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where [C]o (mg/L) is the concentration of a COC in the inflow and [C] (mg/L) is 
concentration in the outflow.  Removal rate coefficient (k, day-1) was calculated for each 
COC and each series for each sampling date using Equation 4, which assumes first-order 
kinetics (Horner et al. 2012; Johnson et al. 2008).   
𝑘 =  
− ln([𝐶]/[𝐶]0)
𝑡
                                                             (4) 
where t (days) is the HRT for the series.  Statistical differences in removal efficiency and 
removal rate coefficients among series and cells were determined by ANOVA and 
Tukey’s Test (SAS 9.3 and JMP, SAS Institute Inc.) with α = 0.05.  Removal extents of 
ammonia, Ba, Cd, Fe, and Mn were averaged from the last cell in each series for the 14 
sampling dates.  The success of the demonstration system was assessed by comparing 
removal extents from each series to the WQC.   
Treatment performance was compared between two series amended with 
AquaSmart and treatment performance in two series amended with mulch by calculating 
removal efficiency and removal rate coefficients for ammonia, Ba, Cd, Fe, and Mn.  
Removal efficiencies and rate coefficients calculated in outflow of series A and B 
(AquaSmart series) were averaged for each sampling date, and removal efficiencies and 
rate coefficients calculated in outflow of series C and D (mulch series) were averaged for 
each sampling date.  The COC removal data were analyzed for normal distribution, and 
significant differences for each COC between the AquaSmart series (average removal 
efficiency or rate coefficients of series A and B) and the mulch series (average removal 
efficiency or rate coefficients of series C and D) were assessed by ANOVA and Tukey’s 
test.  These statistical analyses were conducted (α = 0.05) using SAS 9.3 and JMP (SAS 
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Institute Inc.).  Removal efficiencies and rate coefficients of the cells containing 
AquaSmart (cells 2 and 3) and the cells containing mulch (cells 2 and 3) were also 
compared by analyzing for statistical differences between cell 2 for each amendment and 
each COC and cell 3 for each amendment and each COC using ANOVA and Tukey’s test 
(α = 0.05).   
 
3. Results 
3.1 Characterization of the site CBMPW and identification of COCs  
Analysis of the three initial PW samples collected from the site on 6/7/2011, 
5/29/2012, and 6/11/2012 illustrated that concentrations of constituents changed over 
time.  Because concentrations of ammonia, barium, cadmium, iron, manganese, and 
selenium exceeded the water quality criteria in the PW samples analyzed, these 
constituents were identified as COCs (Table 2).  Conductivity in these samples ranged 
from 6,950 to 11,100 µS/cm, and pH ranged from 7.9 to 8.5 (S.U.).  Measured alkalinity 
ranged from 406 to 496 mg/L as CaCO3, and hardness ranged from 226 to 504 mg/L as 
CaCO3.  Ammonia (as N) and Ba were above WQC in all three samples and ranged from 
2.0-2.8 mg/L and 11.0-29.6 mg/L, respectively.  Cd and Mn were above WQC in one 
sample at concentrations of 0.031 mg/L and 0.06 mg/L, respectively.  Fe and Se exceeded 
WQC in one sample at concentrations of 1.6 mg/L and 0.019 mg/L, respectively.  
Because results indicated that composition of the produced water analyzed varied 
with time, the demonstration CWTS was designed to promote conditions required for 
treatment of site-specific COCs identified from the three water samples analyzed and 
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additional constituents (e.g. oil and grease, metals, metalloids) identified in produced 
waters characterized in pilot-scale studies (Alley et al. 2013; Beebe et al. 2015; Horner et 
al. 2012; Huddleston et al. 2000; Johnson et al. 2008; Kanagy et al. 2008; Pardue et al. 
2014; Spacil et al. 2011; Van Heest 2012).  
 
3.2 Design and construction of demonstration CWTS 
Processes identified for removal of COCs were: nitrification and denitrification of 
ammonia to nitrogen gas (Beebe et al. 2015; Odell et al. 1996; USEPA 2002; Vymazal et 
al. 2006; Vymazal 2007); chemical precipitation of Ba in the presence of sulfate (Bosman 
et al. 1991; INAP 2003); precipitation of Cd by sulfides produced through dissimilatory 
sulfate reduction (Allen et al. 1993; Alley et al. 2013; Carbonell et al. 1999; Guo et al. 
1997; Jurinko 2012; Morse et al. 1993); precipitation of Fe and Mn through oxidation and 
sorption (Guo et al. 1997; Pardue et al. 2014); and precipitation of Se through microbial 
reduction (Garbisu et al. 1996; Ike et al. 2000; Lortie et al. 1992; Maiers et al. 1988; 
Siddique et al. 2007; Tomei et al. 1995; Van Heest 2012; Zhang and Frankenberger 2005; 
Zhang et al. 2008).  The demonstration CWTS was designed to produce the specific 
conditions required for each of these processes (Table 3).  Because some of these 
processes require oxidizing conditions and others require reducing conditions, the 
demonstration system was designed with both oxidizing wetland cells and reducing cells.  
The demonstration CWTS consisted of four treatment series designed to support 
conditions for removal of the COCs identified (Table 3, Figure 1).  Each series consisted 
of four cells (378.5-L Rubbermaid® containers; Table 5) connected with 2.5-cm poly-
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vinyl chloride (PVC) pipe to maintain gravity flow into each consecutive cell.  The 
sediment in all cells consisted of 25 cm of sand (0.125-0.25 mm), overlain by 30 cm 
water (Table 5). Each cell was planted with 20 to 30 cattails (Typha latifolia and Typha 
angustifolia) harvested from a pond near the CWTS site (Table 5).   
At the time of construction, approximately 10 kg of fermented yeast product 
(AquaSmartTM) per cell was added to cells 2 and 3 in two of the CWTS series (A and B), 
and approximately 10 kg shredded hardwood mulch per cell was added to cells 2 and 3 of 
the other two series (C and D) to provide nutrients to plants and sulfate-reducing bacteria 
(Figure 1).  Reducing conditions, promoted by the presence of organic matter, such as the 
nutrient amendments, allow many trace elements and heavy metals to react with 
hydrogen sulfide to form insoluble metal sulfides (Kosolapov et al. 2004; Kropfelova et 
al. 2009).  Cells 2 and 3 in each series targeted denitrification of nitrate, dissimilatory 
sulfate reduction, and dissimilatory Se reduction (Table 3).  
Cells 1 and 4 of each series did not receive any nutrient amendment in order to 
promote oxidizing conditions for nitrification of ammonia and precipitation of Fe and Mn 
from their soluble forms Fe(II) and Mn(II) to Fe(III) oxides and Mn(IV) oxides (Table 3).  
Microbial nitrification of ammonia begins the three-step process of transforming 
ammonia to nitrogen gas.  First, ammonia is oxidized to nitrite by autotrophic nitrifying 
bacteria (e.g. Nitrosomonas; Eq. 5; Gambrell and Patrick 1978; Watson et al. 1981). 
NH3 + O2 > NO2
- + 3H+ + 2e-               (5) 
Further oxidation by Nitrobacter transforms nitrite to nitrate (Eq. 6; Gambrell and Patrick 
1978; Watson et al. 1981). 
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NO2
- + H2O > NO3
-2 + 2H+ + 2e-                          (6) 
Nitrification requires dissolved oxygen (>2.0 mg/L; Gambrell and Patrick 1978) and pH 
between 6.6 and 9.7 (Odell et al. 1996).  Precipitation of Fe and Mn also requires DO 
concentration (≥ 2.0 mg/L), and near neutral pH (6-8) (Table 3), when Fe and Mn oxides 
co-precipitate trace metals (Kosolapov et al. 2004; Kropfelova et al. 2009).  Typha 
latifolia can increase levels of dissolved oxygen in a wetland by promoting soil aeration 
(Chen 2011; Vymazal 2011), and a free-water surface (FWS) design maximizes the 
contact between water and atmosphere, thereby increasing the diffusion of oxygen into 
the water (Chen 2011).  Both DO and pH parameters were targeted in the demonstration 
CWTS. 
The final step in the transformation of ammonia is reduction of nitrate to nitrogen 
gas by heterotrophic facultative anaerobes (Eq. 7; Knowles 1981). 
6NO3
-2 + 5CH3OH > 5CO2 + 3N2 + 7H2O + 6OH
-                        (7) 
Microbial denitrification of nitrate, metal complexation with sulfides produced through 
dissimilatory sulfate reduction, and dissimilatory selenium reduction all require dissolved 
oxygen concentration of <0.5 mg/L (Gambrell and Patrick 1978) and dissolved organic 
carbon to feed heterotrophic facultative anaerobes (Table 3).   
Dissimilatory sulfate reduction requires sediment redox potential between -50 to -
250 mV (Horner et al. 2012).  Precipitation of Ba can occur in the presence of sulfate 
under conditions targeted in the demonstration CWTS (pH between 2 and 12, sediment 
redox potential >-600 mV; Table 3; Bosman et al. 1991; Chung 1989; INAP 2003).  Each 
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cell was amended with pelletized gypsum (1 % v/v; CaSO4·2H2O) at the time of 
construction to provide a source of sulfate.   
Produced water from 50 to 60 coal bed methane wells was delivered to the 
wetland site by a vacuum tanker.  The tanker filled a 5,678-L polypropylene carboy 
retention basin from which PW was pumped into the first cell of each series by a Fluid 
Metering Inc. ® (FMI®) model QG400 piston pump.  Wetland cells were arranged for 
gravity flow through the series.  After the PW reached the last cell, the treated water 
flowed into a 190-L storage tank from which it was transferred using a sump pump to an 
outflow retention basin (a 5,678-L polypropylene carboy basin) and subsequently 
returned to the waste stream at the facility.  The inflow retention basin was refilled with 
PW and the outflow retention basin was emptied as needed.   
The longest HRT calculated for any of the COCs identified in the initial PW 
samples was 0.9 days (Table 4); therefore the demonstration system HRT was established 
at 24 hours per cell to treat the targeted constituents.  In order to achieve the desired HRT 
for the area of each cell (378.5-L Rubbermaid® container), each piston pump was set at a 
flow rate of 140 mL/min, resulting in a nominal 24-hour HRT per wetland cell or 96-hour 
per series (Table 5).  Sampling events occurred every other Thursday morning 
(immediately before the inflow retention basin was refilled) so that the water sampled in 
the outflow had reached or exceeded the 96-hour HRT for the system.  
 
3.3 CWTS conditions and performance 
3.3.1 General water chemistry 
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 Values for explanatory parameters measured in the oxidizing cells (1 and 4) on 
7/10/2012 and 8/22/2012, which was prior to initiation of treatment, were 219 to 761 
µS/cm conductivity, 0.5 to 3.5 mg/L DO, 6.4 to 7.9 pH, and 25.2 to 31.2 degrees C.  
Values for explanatory parameters measured in the reducing cells (2 and 3) on 7/10/2012 
and 8/22/2012 were 160 to 1,435 µS/cm conductivity, 0.3 to 4.0 mg/L DO, 6.6 to 7.8 pH, 
and 24.8 to 31.1 degrees C.  Sediment redox potential was outside the targeted range (>-
50 mV) in oxidizing cell 1 of series A, C, and D (-200, -156, and -189 mV, respectively) 
and oxidizing cell 4 of series B and C (-164 and -211 mV, respectively) on 7/10/2012.  
On 8/22/2012 sediment redox potential was outside the targeted range (>-50 mV) in 
oxidizing cell 1 of series A (-196 mV) and oxidizing cell 4 of series A and C (-135 and -
102 mV, respectively), indicating continued system acclimation.  Sediment redox 
potential was within the targeted range (≤-50 mV) in reducing cells 2 and 3 of all series 
on both 7/10/2012 and 8/22/2012.   
After introduction of PW on 9/3/2012, sediment redox potential was within the 
targeted range (>-50 mV for oxidizing cells; ≤-50 mV for reducing cells) in 98, 100, 98, 
and 91 % of measurements for series A, B, C, and D respectively (Figure 2).  Mean 
sediment redox potential for the 14 sampling dates was lower in reducing cells of series 
A, B, C, and D (-278, -215, -241, and -168 mV, respectively) compared to oxidizing cells 
(201, 204, 194, and 170 mV, respectively).  Lower sediment redox potential in the 
reducing cells (cells 2 and 3; Figure 2) compared to the oxidizing cells (cells 1 and 4; 
Figure 2) is attributed to the addition of mulch and AquaSmart, leading to consumption 
of oxygen by aerobic microorganisms during organic matter biodegradation in the 
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reducing cells.  DO concentration of water in the oxidizing wetland cells (1 and 4) in 
each series ranged from 1.1-14.3 mg/L.  In the reducing cells (2 and 3) of each series, DO 
concentrations ranged from 1.3-13.0 mg/L.  Although the range of measured DO 
concentrations in the water of reducing cells was outside the targeted range (≤ 2 mg/L), 
redox potential in sediment of the same cells remained reducing.  In wetland cells of all 
series, measured water temperatures ranged from 9-28C, conductivity of the surface 
water from 5,980-18,300 μS/cm, which is approximately 4,000-12,260 ppm total 
dissolved solids (TDS), pH from 6.1-8.4 (S.U.), alkalinity from 46-550 mg/L as CaCO3, 
and hardness from 900-6,660 mg/L as CaCO3.  
 
3.3.2 Chemical treatment performance 
Ammonia concentrations were less in outflow than in the inflow in all CWTS 
series for all sampling dates with the exception of AquaSmart series A on 9/6/2012 
(inflow concentration 1.3 mg N/L; outflow concentration 2.3 mg N/L).  This may be 
attributed to sediment redox potential (-137 mV) in the first cell of series A on 9/6/2012 
being lower than required (>-50 mV) for nitrification of ammonia and to further 
acclimation of the CWTS after the introduction of PW (Figure 2).  After 9/6/2012, all 
series outflow concentrations of ammonia were below or equal to the WQC (1.4 mg/L), 
with inflow concentrations ranging from 0.1 to 3.3 mg/L and outflow concentrations 
ranging from <0.03 to 1.4 mg/L (Figures 3A, 4A, 5A; Table 6; Table 7).  Removal 
efficiency and removal rate coefficients were consistent between sampling dates having 
the lowest and highest inflow concentrations of ammonia (0.1 and 3.3 mg/L, 
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respectively), indicating consistent performance as inflow concentrations varied over 
time.  The lowest inflow concentration of ammonia (0.1 mg/L) was measured on 
9/20/2012, and removal extents, efficiencies, and rate coefficients in AquaSmart series A 
and B were 0.1 and <0.03 mg/L, 0 and >70 %, and 0 and >0.30 d-1, respectively.  In 
mulch series C and D, removal extents, efficiencies, and rate coefficients in both series 
were <0.03 mg/L, >70 %, and >0.30 d-1, respectively.  The highest inflow concentration 
of ammonia (3.3 mg/L) was measured on 10/18/2012, and removal extents, efficiencies, 
and rate coefficients in AquaSmart series A and B were 1.4 and 1.3 mg/L, 58 and 61 %, 
and 0.21 and 0.23 d-1, respectively.  In mulch series C and D, removal extents, 
efficiencies, and rate coefficients were 0.9 and 1.3 mg/L, 73 and 61 %, and 0.33 and 
0.23d-1, respectively.  Mean removal efficiency and mean removal rate coefficients were 
higher in the mulch series (75 % and 0.43 d-1, respectively) than the AquaSmart series 
(66 %, and 0.37 d-1, respectively; Table 7).  However, there was no significant difference 
(α = 0.05) in ammonia removal efficiencies or rate coefficients between the AquaSmart 
and mulch cells or series.  Mean removal extent of ammonia was lower in outflow of the 
oxidizing cells (0.9 mg/L) than in outflow of the reducing cells (1.0 mg/L) and more 
ammonia was removed in the oxidizing cells (0.4 mg/L) than in the reducing cells (0.2 
mg/L), which is attributed to oxidation during the first two steps in the targeted process to 
transform ammonia to nitrate. 
Barium inflow concentrations ranged from 5.4 to 42 mg/L for the 14 sampling 
dates (Table 7).  For the first five sampling dates (9/6/2012-11/1/2012) Ba concentrations 
in outflow ranged from 0.13 to 1.4 mg/L (Table 6).  Over 90 % of the inflow 
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concentration of Ba was removed for each of these sampling dates (Figure 3B).  
Concentrations were less in outflow than inflow in all CWTS series for all sampling dates 
with the exception of AquaSmart series A and B on 11/15/2012, and series A, B, C, and 
D on 11/29/2012, which was attributed to lack of sulfate in the wetland cells.  To increase 
Ba removal, approximately 300 g of pelletized gypsum was added as a source of sulfate 
to all wetland cells every two weeks beginning on 11/29/2012.  Samples collected 
between 12/13/2012 and 3/27/2013 indicated greater Ba removal, with removal extents 
ranging from 1.1 to 3.9 mg/L (Figures 4B, 5B; Table 6; Table 7).  The lowest inflow 
concentration of Ba (5.4 mg/L) was measured on 2/7/2013, and removal extents, 
efficiencies, and rate coefficients among the four series were 2.7-3.3 mg/L, 39-50 %, and 
0.12-0.17 d-1, respectively.  The highest inflow concentration of Ba (42 mg/L) was 
measured on 2/21/2013, and removal extents, efficiencies, and rate coefficients were 2.1-
3.9 mg/L, 91-95 %, and 0.59-0.75 d-1, respectively.  Although removal efficiencies and 
rate coefficients were lower at the lower inflow concentration (5.4 mg/L), removal 
extents (outflow concentrations) were comparable (2.7 and 2.1 mg/L, respectively) for 
the lowest (5.4 mg/L) and highest (42 mg/L) inflow concentrations.  This indicates 
consistent treatment performance as inflow concentrations varied over time.  There was 
no significant difference (α = 0.05) in Ba removal efficiencies or rate coefficients 
between the AquaSmart and mulch cells or series.  However, mean removal efficiency 
and mean rate coefficients were slightly higher in the AquaSmart series (69 % and 0.45 d-
1, respectively) than in the mulch series (66 % and 0.43 d-1, respectively; Table 7).  Mean 
removal extent of Ba was lower in outflow of the oxidizing cells (7.6 mg/L) than in 
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outflow of the reducing cells (7.9 mg/L), however, greater concentrations of Ba were 
removed in the reducing cells (2.6 mg/L) than in the oxidizing cells (1.7 mg/L), 
indicating that precipitation of Ba with sulfate can occur in both oxidizing and reducing 
conditions as found by Brookins (1988; >600 mV).   
Cadmium concentrations decreased from inflow to outflow in all CWTS series on 
9/6/2012 and 9/20/2012 to below WQC (0.25 μg/L), and after 9/20/2012 Cd was not 
present in PW inflow in concentrations greater than the WQC (Table 6).  Inflow 
concentrations ranged from 0.11 to 0.28 μg/L, and removal extent ranged from <0.03 to 
0.10 μg/L for CWTS series on 9/6/2012 and 9/20/2012 (Figure 3E; Table 7).  Although 
there was no significant difference (α = 0.05) in Cd removal efficiencies and rate 
coefficients between the AquaSmart and mulch cells or series, mean removal efficiency 
and mean rate coefficients were higher in the AquaSmart series (81 % and 0.44 d-1, 
respectively) than in the mulch series (65 % and 0.37 d-1, respectively; Table 7).  Mean 
removal extent was lower in the reducing cells (0.04 μg/L) than the oxidizing cells (0.06 
μg/L), indicating that greater removal was achieved by Cd precipitation with sulfides 
produced through dissimilatory sulfate reduction.   
Concentrations of Fe decreased from inflow to outflow in all CWTS series for all 
sampling dates with the exception of AquaSmart series A and B on 9/6/2012 and 
AquaSmart series A on 9/20/2012 (Table 6).  This may be attributed to sediment redox 
potential in the first cell of series A on 9/6/2012 being lower (-137 mV; Figure 2) than 
the targeted sediment redox potential for conditions (>-50 mV) required for treatment of 
Fe, and on 9/20/2012 was lower than average (-10 and 201 mV, respectively), suggesting 
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that the CWTS was continuing to acclimate after introduction of PW (Figure 2).  During 
sampling dates from 9/6/2012 to 10/4/2012 and 11/29/2012 to 3/27/2013, Fe 
concentration in inflow was less than the WQC of 1.0 mg/L, ranging from 0.101 to 0.784 
mg/L, with removal extents ranging from 0.006 to 0.697 mg/L (Figures 4C, 5C; Table 6; 
Table 7).  On 10/18/2012, 11/1/2012, and 11/15/2012, Fe concentration in the inflow was 
greater than the WQC, ranging from 1.48 to 2.44 mg/L, with removal extents ranging 
from 0.016 to 0.331 mg/L in all series (Figure 3C; Table 7).  The demonstration system 
maintained removal efficiencies and removal rate coefficients between sampling dates 
with the lowest and highest inflow concentrations of Fe (0.101 and 2.44 mg/L, 
respectively), indicating consistent performance as inflow concentrations varied over 
time.  The lowest measured inflow concentration of Fe (0.101 mg/L) was measured on 
9/20/2012, and removal efficiencies and rate coefficients in AquaSmart series A and B 
were 0 and 86 %, and 0 and 0.50 d-1, respectively.  In mulch series C and D, removal 
efficiencies and rate coefficients in both series were 91 and 84 %, and 0.60 and 0.45 d-1, 
respectively.  The highest inflow concentration of Fe (2.44 mg/L) was measured on 
10/18/2012, and removal efficiencies and rate coefficients in AquaSmart series A and B 
were 96 and 99 %, and 0.83 and 1.3 d-1, respectively.  In mulch series C and D, removal 
efficiencies and rate coefficients were 99 % (both series), and 1.1 and 1.2 d-1, 
respectively.  With the exception of AquaSmart series A on 9/20/2012, Fe removal 
efficiencies on both sampling dates were between 80 and 100 %, and mean rate 
coefficients were 0.52 d-1 (9/20/2012) and 1.1 d-1 (10/18/2012).  This indicates the ability 
of the demonstration CWTS to maintain performance with changes in inflow PW 
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chemistry.  Mean removal rate coefficients were higher in the mulch series (0.45 d-1) than 
the AquaSmart series (0.37 d-1), and mean removal efficiency of Fe was statistically 
significantly higher (α = 0.05) in the mulch series (74 %) than in the AquaSmart series 
(56 %; Table 7).  Mean removal extent was higher in the oxidizing cells (0.32 mg/L) than 
in the reducing cells (0.27 mg/L), however, greater concentrations of Fe were removed in 
the oxidizing cells (0.16 mg/L) than in the reducing cells (0.15 mg/L), indicating that 
both oxidation and sorption to organic matter occurred.   
Concentrations of Mn decreased from inflow to outflow in all CWTS series with 
the exception of series A, B, C, and D on 9/6/2012 and series A and D on 9/20/2012 
(Table 6).  This may be attributed to acclimation of the CWTS continuing after 
introduction of PW (Figure 2).  Manganese was not detected in PW inflow on 10/4/2012, 
11/1/2012, 11/15/2012, 11/29/2012, 2/7/2013, and 2/21/2013.  After 9/20/2012, all 
outflow concentrations of Mn (ranging from <0.0014 to 0.050 mg/L; Figures 3D, 4D; 
Table 6) were below or equal to the WQC (0.05 mg/L), with inflow concentrations 
ranging from 0.029 to 0.169 mg/L.  The demonstration system maintained removal 
efficiencies and removal rate coefficients between sampling dates with the lowest and 
highest inflow concentrations of Mn (0.029 and 0.169 mg/L, respectively), indicating 
consistent performance as inflow concentrations varied over time.  The lowest measured 
inflow concentration of Mn (0.029 mg/L) was measured on 12/13/2012, and removal 
extents, efficiencies, and rate coefficients in all series were <0.0014 mg/L, >95 %, and 
>0.77 d-1, respectively.  The highest inflow concentration of Mn (0.169 mg/L) was 
measured on 10/18/2012, and removal extents, efficiencies, and rate coefficients in all 
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series were <0.0014 mg/L, >99 %, and >1.2 d-1, respectively.  With removal efficiencies 
greater than 95 % for both sampling dates, removal rate coefficients were >0.77 d-1 and 
>1.2 d-1 for the lowest and highest inflow concentrations, respectively, indicating the 
ability of the demonstration CWTS to maintain treatment performance.  There was no 
significant difference (α = 0.05) in Mn removal efficiencies and rate coefficients between 
the AquaSmart and mulch cells or series.  However, mean removal efficiency and rate 
coefficients were higher in the mulch series (60 % and 0.44 d-1, respectively) than the 
AquaSmart series (51 % and 0.39 d-1, respectively; Table 7).  Mean removal extent of Mn 
was lower in the oxidizing cells (0.21 mg/L) than in the reducing cells (0.29 mg/L), 
indicating that oxidation was the primary removal pathway while sorption to organic 
matter occurred as a secondary removal pathway.  Selenium was not detected on any 
sampling dates after the CBMPW characterization prior to wetland construction.   
 
4. Discussion 
The CWTS design incorporating both oxidizing and reducing cells in each series 
to allow for treatment of multiple COCs proved to be robust, with removal of ammonia, 
Ba, Cd, Fe, and Mn in CBMPW despite variation in inflow concentrations.  Inflow 
concentrations ranged from 0.1 to 3.3 mg/L ammonia-N, 5.4 to 42 mg/L Ba, 0.11 to 0.28 
μg/L Cd, 0.101 to 2.44 mg/L Fe, and 0.020 to 0.169 mg/L Mn.  The demonstration 
CWTS was able to achieve water quality with COC concentrations below chosen 
guidelines for aquatic life and human health (Clean Water Act Section 304(a); USEPA 
1972).  Conditions were adjusted, as needed, based on characteristics of the CBMPW 
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being treated and the treatment goals.  Pelletized gypsum provided a sulfate source for 
dissimilatory sulfate reduction after Ba removal decreased between 11/15/2012 and 
11/29/2012.   
To promote conditions (≤-50 mV) needed for microbial denitrification of nitrate 
and metal complexation with sulfides produced through dissimilatory sulfate reduction, 
organic carbon amendments (mulch and AquaSmart) were added to CWTS sediment of 
cells 2 and 3.  Organic matter in sediment can increase the sediment oxygen demand, 
lower the sediment redox potential, provide nutrients to sulfate reducing bacteria, and 
provide matter to which metals can adsorb (Zawislanski et al. 2001; Zhang and 
Frankenberger 2005).  Machemer and Wilderman (1992) found that an important metal 
sequestering process was metal adsorption onto organic material in the substrate during 
the initial flow to a CWTS.  After adsorption sites are filled and sulfate reduction begins, 
metal sulfide precipitation becomes the dominant process for treating metals in a CWTS 
(Machemer and Wilderman 1992).  Organic carbon also provides sorption sites for Fe 
and Mn under reducing conditions (Guo et al. 1997).  Jurinko (2012) found that 
concentrations of metals in sediment of a pilot-scale CWTS correlated significantly with 
organic matter content.  Plants, such as Typha latifolia, contribute to organic matter in a 
wetland as plants die or become dormant over winter, adding plant material to the 
sediment.  The range in salinity (4,000-12,260 ppm TDS) over which the demonstration 
CWTS performed had no observed effects on the cattails.  AquaSmart and mulch 
amendments consistently promoted reducing conditions necessary for specific treatment 
pathways.  Sediment redox conditions (>50 mV) were present in cells 1 and 4 for 
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microbial nitrification of ammonia and precipitation of iron and manganese.  To promote 
oxidizing conditions, no organic carbon amendment was added to cells 1 and 4.  
A pilot-scale wetland designed and constructed by Beebe et al. (2013 and 2015) to 
treat ammonia in simulated oilfield PWs featured mechanical aeration and addition of 
sucrose (organic carbon), crushed oyster shells (CaCO3; stabilizes pH and raises 
alkalinity), and clinoptilolite (sorptive medium).  When conditions required to support 
nitrification were provided, clinoptilolite increased ammonia removal and nitrifying 
activity when inflow ammonia concentrations were greater than or equal to ~6-10 mg/L.  
Ammonia concentrations in the treated FWS wetland decreased significantly more than 
in the untreated system from ~20 mg/L to <0.1 mg/L during three of four treatment 
months (4 sampling dates; Table 8; Beebe et al. 2015).  Beebe et al. (2015) also 
determined that nitrification and denitrification occurred outside many of the targeted 
ranges for wetland conditions.  Inflow concentrations of ammonia-N were greater and 
more consistent in the simulated PW in Beebe’s study (20.3-25.7 mg/L ammonia-N) than 
in the CBMPW treated in the demonstration system (0.1-3.3 mg/L ammonia-N), which 
resulted in lower removal extents measured by Beebe et al. (2015) compared to removal 
extents in the demonstration system (Table 8).  Mean removal efficiency was higher in 
the demonstration system indicating that inflow concentration may affect the total 
concentration of ammonia that can be removed in a wetland.  However, the mean 
removal rate was higher in the pilot-scale system studied by Beebe et al (2015), which 
could be due to the use of sucrose as an organic carbon source rather than mulch or 
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AquaSmart, as well as the addition of clinoptilolite as a sorptive media and a longer HRT 
(48 hours per cell).  
Alley et al. (2013) measured seasonal performance of a pilot-scale FWS CWTS 
(24 hour HRT per cell) renovating simulated oilfield PW to determine if seasonal 
changes (e.g. temperature, photoperiod, microbial activity) affected treatment of COCs 
(oil, Cd, Cu, Ni, and Zn; Table 8).  Inflow concentrations (6 mg Cd/L) in the pilot-scale 
study by Alley et al. (2013) were much greater than inflow concentrations (0.11-0.28 µg 
Cd/L) measured in the demonstration system CBMPW, as were removal efficiencies and 
rate coefficients compared to the demonstration system (≥97 % and 1.83 d-1 [12 sampling 
dates]; 73 % and 0.40 d-1, respectively; Table 8).  There were no observed effects of 
water temperature (ranging from 0-30°C) on removal rate coefficients for Cd (r2=0.08; 
p=0.4516) in the study by Alley et al. (2013).  In the demonstration system, water 
temperature ranged from 9-28°C between September 2012 and March 2013, with no 
observed effect on treatment performance.  In addition, plant (Typha latifolia) dormancy 
from December to February did not have any observed effect on treatment performance 
in the demonstration system.  Alley et al. (2013) used both cattails (Typha angustifolia) 
and giant bulrush (Schoenoplectus californicus) and found no significant (α = 0.05) 
seasonal differences in performance between winter and summer sampling periods.  
Although acid-volatile sulfide (AVS) concentration was not measured in the 
demonstration system, Alley et al. (2013) found that AVS concentrations in the wetland 
sediment were “relatively constant throughout the seasons, and consequently, 
concentrations of Cd, Cu, Ni, and Zn in outflows of the CWTS were not significantly 
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different for the seasonal sampling periods” (Alley et al. 2013).  Choi et al. (2006) also 
studied AVS and trace metal (Cd, Pb, and Zn) concentrations in agricultural discharge 
waters in a wetland seasonally for a 2-year period, and observed no seasonal trends for 
AVS, Cd, Pb, and Zn concentrations (water temperatures ranged from 2-30°C).  The 
presence of AVS is inferred in this demonstration system by measurements of sediment 
redox conditions in amended wetland cells. 
Johnson et al. (2008) studied a pilot-scale CWTS “for approximately 1 year” 
designed to treat simulated natural gas storage PWs containing chlorides, metals (Cd, Cu, 
Pb, and Zn), and organics.  Four types of NGSPW were simulated (fresh, brackish, saline, 
and hypersaline) with various inflow concentrations of Cd (0.312 mg/L, 0.409 mg/L, 1.08 
mg/L, and 1.976 mg/L, respectively) to be treated in the pilot-scale wetland (Johnson et 
al. 2008).  Johnson et al. (2008) used a 24-hour HRT per cell (96 hours per series) for 
fresh and brackish simulated NGSPW and amended the wetland sediment of the first two 
cells with pine mulch (3 % by volume) and gypsum (1.5 % by volume), and they planted 
Schoenoplectus californicus (California bulrush) in the first two cells.  The last two cells 
contained no amendments and were planted with Typha latifolia (broadleaf cattail).  The 
wetland series treating saline and hypersaline simulated NGSPWs had a 24-hour HRT per 
cell with only two cells (48 hours per series).  Mean concentration of Cd in outflow was 
lower in the demonstration system, but mean removal efficiencies and rate coefficients 
were higher in the pilot-scale system of Johnson et al. (2008), probably due to higher 
inflow concentrations in the pilot-scale system (Table 8).  
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Removal of Fe and Mn was studied by Horner et al. (2012) in a pilot-scale 
wetland constructed and studied by Pham et al. (2011) treating simulated OPW with two 
subsurface flow (SSF) CWTS series planted with Phragmites australis and one FWS 
series planted with Typha latifolia (4 sampling dates; Table 8).  All series had a 24-hour 
HRT per cell (96 hours per series) and no amendments were added to the wetland 
sediment.  However, reducing conditions developed in portions of the first three cells of 
each series over time with the degradation of suspended and dissolved oil added to the 
inflow simulated OPW.  Horner et al. (2012) observed that, as water containing oil & 
grease moved through the systems, some portions of the cells developed lower redox 
potential while other portions did not.  Inflow concentrations used in the simulated OPW 
were 0.075 and 0.547 mg Fe/L, and 0.410 and 1.184 mg Mn/L (Horner et al. 2012).  
Pardue et al. (2014) also measured Fe and Mn removal in the pilot-scale wetland 
constructed by Pham et al. (2011) but with greater oil and grease concentrations in the 
inflow (3 sampling dates; Table 8).  Two SSF series were planted with Phragmites 
australis and one FWS series was planted with Schoenoplectus californicus in the first 
cell and Typha latifolia in the subsequent three cells (Pardue et al. 2014).  Iron removal 
efficiencies and removal rate coefficients measured in the mulch series of the 
demonstration system (mean 74 %, range 36-99 %; mean 0.45 d-1, range 0.11-1.2 d-1, 
respectively; Table 7) are comparable to measurements in the pilot-scale studies by 
Horner et al. (2012) and Pardue et al. (2014).  However, iron removal efficiencies and 
rate coefficients for the AquaSmart series are lower (mean 58 %, range 0-99 %; mean 
0.36 d-1, range 0-1.3 d-1, respectively; Table 7), suggesting that mulch may have provided 
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better sorption sites for Fe and AquaSmart may have decreased the formation of ferric 
hydroxide precipitates.  Lower Mn removal extents were achieved in studies by Horner et 
al. (2012) and Pardue et al. (2014) than in the demonstration study (Table 8), and Mn 
removal efficiencies and removal rate coefficients were higher for the pilot-scale studies 
than for the demonstration study.  These differences in performance may be attributed to 
the addition of organic carbon amendments (AquaSmart and shredded hardwood mulch) 
to wetland sediment in the demonstration system rather than adding organic carbon to the 
water column as in the pilot-scale system in the form of suspended and dissolved oil & 
grease to simulated PW inflow (Horner et al. 2012; Pardue et al. 2014).  
As determined by ANOVA and Tukey’s Test (α = 0.05) using SAS 9.3, Fe 
removal was statistically significantly greater in series amended with mulch than in series 
amended with AquaSmart.  Series amended with AquaSmart and series amended with 
mulch were equally effective (α = 0.05) in removing ammonia, Ba, Cd, and Mn.  
However, mean removal efficiencies of Ba and Cd were greater in series amended with 
AquaSmart (69 and 81 %, respectively) than in series amended with mulch (66 and 65 %, 
respectively), while mean removal efficiencies of ammonia, Fe, and Mn were greater in 
series amended with mulch (75, 74, and 60 %, respectively) than in series amended with 
AquaSmart (66, 58, and 51 %, respectively).  These results indicate the importance of 
sediment redox conditions for treatment of these COCs.  Sediment redox potential was 
statistically significantly lower (α = 0.05) in the amended cells of the two AquaSmart 
series (mean -247 mV; range -415 to -94 mV) than the amended cells of the two mulch 
series (mean -204 mV; range -394 to +44), which means that conditions were statistically 
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significantly (α = 0.05) more reducing in the AquaSmart series and were more optimal 
for treatment of Cd, than for ammonia, Fe, and Mn, which require oxidizing conditions 
for treatment.  In addition to changes in sediment redox potential, it could also be 
possible that the mulch provided better sorption sites for Fe and Mn, therefore increasing 
removal in those series.   
Design features of the demonstration system (e.g. addition of organic carbon, 
oxidizing and reducing cells, Typha latifolia, and HRT) can be modified for incorporation 
in full-scale constructed wetlands designed to remove ammonia, Ba, Cd, Fe, and Mn.  
Organic carbon can be provided through harvesting and applying cattail foliage to 
sediment, which may reduce costs in a full-scale wetland (Gersberg et al. 1984).  Several 
of the previous pilot-scale studies discussed in this section used sequences of oxidizing 
and reducing cells (e.g. cells 1 and 2=oxidizing, cells 3 and 4=reducing) different from 
this demonstration study and still achieved treatment goals.  There are a variety of 
wetland plants that have been used in successful treatment wetlands, and in some cases 
(as in this demonstration system) harvesting plants growing locally may be more cost 
effective than purchasing from a greenhouse.  The type of PW (e.g. fresh, brackish, 
saline, hypersaline) to be treated also affects plant choice, however the locally harvested 
Typha latifolia used in the demonstration study withstood PW with conductivity ranging 
from 5,980 to 18,300 μS/cm, which is approximately 4,000-12,260 ppm TDS.  The plants 
remained green except while dormant during winter, after which they produced new 
shoots throughout the spring.  Increasing the HRT of a full-scale CWTS designed for 
long-term commission may decrease the need for recurrent additions of organic carbon 
  41 
amendments.  Although evapotranspiration water loss was not measured in this study, 
Beebe et al. (2014) determined that differing water loss expected from scaling up to a 
full-scale CWTS in different climates would unlikely affect treatment performance of a 
wetland.  Manipulating certain design features (e.g. increasing HRT or adding organic 
carbon in a CWTS) could result in better performance if seasonal changes have decreased 
performance.  Seasonal removal of constituents in a CWTS can change with location and 
targeted constituent, and it may be beneficial to study a pilot-scale or demonstration 
system prior to construction of a full-scale CWTS to estimate the removal rate 
coefficients of targeted constituents (Alley et al. 2013).   
 
5. Conclusions 
A demonstration CWTS was designed and constructed that decreased 
concentrations of ammonia, Ba, Cd, Fe, and Mn from CBMPW as inflow concentrations 
of COCs varied with time.  This study expanded the knowledge gained from previous 
studies of pilot-scale CWTSs (Alley et al. 2013; Beebe et al. 2013; Beebe et al. 2015; 
Horner et al. 2012; Johnson et al. 2008; Kanagy et al. 2008; Pardue et al. 2014; Spacil et 
al. 2011; Van Heest 2012) by applying wetland characteristics designed to treat simulated 
PWs to a demonstration CWTS for treating water produced from a CBM field.  Results 
demonstrated consistent performance as inflow concentrations of COCs varied with time, 
which was attributed to the robust CWTS design.  Concentrations of ammonia-N, Ba, Cd, 
Fe, and Mn in CWTS outflows decreased to below water quality criteria (Clean Water 
Act; 1.4 mg ammonia-N/L, 1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg 
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Mn/L).  Results (i.e. removal extents, removal efficiencies, and removal rate coefficients) 
from this study are encouraging and suggest that a full-scale CWTS has the potential to 
treat PWs with similar COCs to meet stringent water reuse guidelines.  Results also 
suggest that use of amendments is very important when treating COCs requiring specific 
sediment redox conditions.  Because COCs investigated in this study occur in PWs 
associated with other types of conventional and unconventional oil and gas, including 
shale gas and tight sand gas, this CWTS design could be adapted for treatment of other 
PWs.  Successful transfer of CWTS design principles from pilot-scale to demonstration 
supports the applicability of experimental results from this study for design of future 
CWTSs. 
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List of Figure Captions 
Figure 1. Schematic of demonstration CWTS. Produced water was pumped from the 
5,867-L inflow retention basin into the first cell of each series. Wetland cells were 
arranged for gravity flow through the series to an outflow retention basin after the last 
cell. Cells 1 and 4 of each series were designed to promote oxidizing conditions, and cells 
2 and 3 were designed to promote reducing conditions with additions of AquaSmartTM 
(series A and B) or mulch (series C and D). 
 
Figure 2. Sediment redox potential, or Eh (mV) for (A) AquaSmart series A, (B) 
AquaSmart series B, (C) mulch series C, and (D) mulch series D measured in the center 
of each cell on all sampling periods.  Cells 1 and 4 are designed (no amendment) for 
oxidizing treatment processes and cells 2 and 3 are designed for reducing treatment 
processes with the addition of either AquaSmart (series A and B) or mulch (series C and 
D). 
 
Figure 3. COC concentrations measured in inflow and outflow from each cell for the 
four wetland treatment series. (A) Ammonia, (B) Ba, (C) Fe, (D) Mn, and (E) Cd 
concentrations are shown for 10/18/12, except for Cd concentration, which is shown for 
9/20/12 because it was not detected in PW inflow on 10/18/12. Series A and B were 
amended with AquaSmart, and series C and D were amended with mulch. Treatment 
goals were 1.4 mg ammonia-N/L, 1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg 
Mn/L. 
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Figure 4. COC concentrations measured in inflow and outflow from each cell for the 
four wetland treatment series on 12/13/12. (A) ammonia, (B) Ba, (C) Fe, and (D) Mn. Cd 
was not detected on 12/13/12. Series A and B were amended with AquaSmart, and series 
C and D were amended with mulch. Treatment goals were 1.4 mg ammonia-N/L, 1.0 mg 
Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L. 
 
Figure 5. COC concentrations measured in inflow and outflow from each cell for the 
four wetland treatment series on 2/21/13. (A) ammonia, (B) Ba, and (C) Fe. Cd and Mn 
were not detected on 2/21/13. Series A and B were amended with AquaSmart, and series 
C and D were amended with mulch.  Treatment goals were 1.4 mg ammonia-N/L, 1.0 mg 
Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L. 
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Table 1. Analytical methods for general water parameters and COCs. 
Parameter Method Detection Limit 
Temperature  Direct Instrumentation: YSI Model 55  0.5oC 
pH Direct Instrumentation: Orion Model 4-Star Plus 0.01 S.U. 
Conductivity Direct Instrumentation: YSI Model 30 0.1 μS/cm 
Alkalinity Standard Methods: 2320 B (APHA 2005) 2 mg/L as CaCO3 
Hardness Standard Methods: 2340 C (APHA 2005) 2 mg/L as CaCO3 
DO1 Direct Instrumentation: YSI Model 55 0.1 mg/L 
Bulk redox Standard Voltmeter, Accumet® calomel reference electrode and in-
situ platinum-tipped electrodes (Faulkner et.al 1989) 
± 10mV 
Oil and Grease EPA Method 1664 A (USEPA 1999) 1.4 mg/L 
TDS2 Standard Methods: 2540 C (APHA 2005) 0.1 mg/L 
TSS3 Standard Methods: 2540 D (APHA 2005) 0.1 mg/L 
Ammonia Direct Instrumentation: Orion Model 95-12HP, Standard Methods: 
4500D (APHA 2005) 
0.03 mg/L 
Barium EPA Method 200.8 (USEPA 1994) 0.03 mg/L 
Cadmium EPA Method 200.8 (USEPA 1994) 0.03 μg/L 
Iron EPA Method 200.8 (USEPA 1994) 0.0062 mg/L 
Manganese EPA Method 200.8 (USEPA 1994) 0.0014 mg/L 
Selenium EPA Method 200.8 (USEPA 1994) 0.0001 mg/L 
1 Dissolved Oxygen 
2Total Dissolved Solids 
3Total Suspended Solids 
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Table 2. Characterization of pre-treatment CBMPW samples collected from the 
demonstration site and surface water quality criteria. Concentrations are mg/L unless 
noted. 
Parameters1 
6/7/2011 
Sample 
5/29/2012 
Sample 
6/11/2012 
Sample 
Water Quality 
Criteria2 
Conductivity (µm/cm) 7860 11100 6950 na 
pH (S.U.) 8.49 7.98 8.35 na 
Alkalinity (as CaCO3) 496 406 450 na 
Hardness (as CaCO3) 226 504 468 na 
Ammonia (as N) 2.8 2.1 2.0 1.4 
Nitrate nm 12.2 nm 10 
Oil and Grease <2.8 <2.8 nm 10 
Sulfate nm 4.6 nm na 
Total Dissolved Solids nm 6420 6850 na 
Total Suspended Solids nm 10 10 na 
Al <0.045 0.130 <0.045 na 
As 0.00074 < 0.053 <0.053 0.15 
Ba 29.6 13.8 11.0 1.0 
Be <0.0003 nm <0.0003 0.004 
Br nm 6.80 nm na 
Ca 93.6 72.2 62.7 na 
Cd <0.0034 < 0.001 0.0315 0.005 
Cl nm 3740 nm na 
Co <0.007 nm <0.007 na 
Cr <0.0061 < 0.0061 <0.0061 0.011 
Cu <0.003 < 0.003 <0.003 0.009 
Fe <0.0062 0.35 1.6 1.0 
Hg <0.0025 nm nm na 
Mg 53.7 29.0 28.0 na 
Mn <0.0014 0.06 <0.0014 0.05 
Na nm 1900 25.6 na 
Ni <0.015 0.01 <0.015 0.61 
Pb <0.042 < 0.0015 <0.0015 0.0025 
Se 0.0032 0.019 0.002 0.005 
Sr 6.81 nm 2.08 na 
V <0.0075 nm <0.0075 na 
Zn <0.0018 0.020 <0.0018 0.12 
1Metal concentrations are acid soluble concentrations. 
2Current water quality criteria from the Clean Water Act Section 304(a), (USEPA 1972) 
na- No suggested criteria from Clean Water Act Section 304(a) 
nm- Not measured 
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Table 3. Operating conditions for biogeochemical processes in demonstration CWTS 
designed to treat coal bed methane produced water. 
Constituent Pathway pH 
(S.U.) 
Redox 
(mV) 
Dissolved 
Oxygen 
(mg/L) 
Ammonia 
 
Oxidation (nitrification) 6.6-9.76 (+100)-(+350)3 >2.02 
Nitrate Reduction (denitrification) 
 
6.0-8.07 (-50)-(+50)3 <0.52 
Cadmium Precipitation by sulfides produced 
through dissimilatory sulfate reduction 
5.0-8.09 (-100)-(-250)1 <1.09 
Iron 
 
Oxidation, Sorption4 6.5-8.01 >(-50)1 na 
Manganese 
 
Oxidation, Sorption4 6.5-8.01 >(-50)1 na 
Barium  
 
Chemical Precipitation in presence of 
Sulfate1 
2.0-121 >(-600)1 na 
Selenium 
 
Microbial Reduction10 6.5-9.55 <(+50)1 ≤2.08 
na- no suggested criteria 
1Brookins (1988) 
2Gambrell and Patrick (1978) 
3Gerardi (2007) 
4Guo et al. (1997) 
5Lortie et al. (1992) 
6Odell et al. (1996) 
7Paul and Clark (1996) 
8Spacil et al. (2011) 
9Willow and Cohen (2003) 
10Zhang et al. (2008) 
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Table 4. Hydraulic retention time (HRT) calculated for the demonstration 
CWTS using Equation 1 and data from previous pilot-scale studies.  
COC 
Rate Coefficient1 Concentration WQC2 HRT 
(k, d-1) (Co, mg/L) (C, mg/L) (t, days) 
Ammonia 1.39b 2.8 1.4 0.5 
Cd 2.05a 0.031 0.005 0.9 
Fe 0.594d 1.6 1 0.8 
Mn 1.04d 0.06 0.05 0.2 
Se 2.17c 0.019 0.005 0.6 
1Removal rate coefficients from results of pilot-scale studies treating these COCs; aAlley et al. 
(2013); bBeebe et al. (2015); cCastle et al. (2013); dHorner et al. (2012) 
2Water Quality Criteria are guidelines for aquatic life and human health from the Clean Water 
Act Section 304(a) (USEPA 1972) 
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Table 6. Removal extents and WQC for each COC. 
Sampling Date 
 Outflow Concentration (mg/L) 
Ammonia Ba Cd Fe Mn 
WQC 1.4 1.0 0.00025 1.0 0.05 
9/6/2012 
Series A 
Series B 
Series C 
Series D 
2.3 
0.6 
0.3 
0.3 
0.45 
0.13 
0.26 
0.21 
<0.00003 
0.00003 
0.00003 
0.00010 
0.697 
0.313 
0.084 
0.175 
2.270 
2.658 
0.673 
1.019 
9/20/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
0.54 
0.43 
0.31 
0.24 
<0.00003 
<0.00003 
0.00003 
<0.00003 
0.203 
0.013 
0.009 
0.016 
0.037 
0.002 
0.014 
0.054 
10/4/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
0.28 
0.17 
0.82 
0.39 
* * * 
10/18/2012 
Series A 
Series B 
Series C 
Series D 
1.4 
1.3 
0.9 
1.3 
1.2 
0.91 
0.59 
0.42 
* 0.088 
0.016 
0.028 
0.017 
<0.0014 
<0.0014 
<0.0014 
<0.0014 
11/1/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
1 
0.9 
0.9 
1.4 
1.1 
0.90 
0.61 
* 0.047 
0.020 
0.331 
0.104 
* 
11/15/2012 
Series A 
Series B 
Series C 
Series D 
1.1 
1.2 
1.2 
1.2 
28.8 
29.6 
25.6 
25.0 
* 0.119 
0.070 
0.123 
0.144 
* 
11/29/2012 
Series A 
Series B 
Series C 
Series D 
0.8 
0.9 
0.8 
0.8 
14.6 
13.9 
15.5 
14.0 
* 0.109 
0.055 
0.089 
0.013 
* 
12/13/2012 
Series A 
Series B 
Series C 
Series D 
0.4 
0.5 
0.2 
0.3 
1.8 
1.9 
2.9 
3.1 
* 0.216 
0.099 
0.148 
0.055 
<0.0014 
<0.0014 
<0.0014 
<0.0014 
1/10/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
0.3 
0.1 
0.2 
1.1 
1.5 
3.1 
3.4 
* 0.091 
0.044 
0.067 
0.006 
0.027 
0.007 
<0.0014 
0.011 
1/24/2013 
Series A 
Series B 
Series C 
Series D 
0.2 
0.2 
0.2 
0.3 
2.4 
2.7 
1.4 
1.6 
* 0.130 
0.055 
0.114 
0.037 
0.037 
<0.0014 
0.033 
<0.0014 
2/7/2013 
Series A 
Series B 
Series C 
Series D 
0.6 
1.3 
1 
0.4 
2.7 
2.7 
2.9 
3.3 
* 0.203 
0.238 
0.161 
0.147 
* 
2/21/2013 
Series A 
Series B 
Series C 
Series D 
1.2 
1.3 
1.2 
0.8 
2.4 
2.1 
2.4 
3.9 
* 0.338 
0.324 
0.243 
0.185 
* 
3/14/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
0.4 
0.2 
0.1 
2.9 
2.1 
3.1 
3.9 
* 0.306 
0.322 
0.260 
0.247 
0.044 
0.043 
0.038 
0.027 
3/28/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
2.1 
1.9 
2.5 
3.9 
* 0.370 
0.338 
0.239 
0.218 
0.050 
0.033 
0.021 
0.018 
*COC below detection limit (0.03 µg Cd/L, 0.0062 mg Fe/L, 0.0014 mg Mn/L) in all cells and series 
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Table 8. COC removal extent (mean and range for 14 sampling periods), removal 
efficiency (mean), and removal rate coefficients (mean) for the demonstration CWTS 
and pilot-scale CWTSs used to design the demonstration system. In the demonstration 
CWTS, removal efficiencies and removal rate coefficients were calculated using 
measured concentrations in the series outflows (4-day HRT). 
COC CWTS Extent (mg/L) Removal (%) Rate Coef (d-1) 
Ammonia 
Demo 0.56 (<0.03-2.3) 70 (0-98) 0.40 (0-1.0) 
Pilot2 7.9 (<0.1-15.0)2 65 (29.6->99.6)2 0.57 (0.07-1.4)2 
Ba Demo 4.5 (0.13-29.6) 68 (0-98) 0.44 (0-1.0) 
Pilot nm nm nm 
Cd 
Demo 0.00004 (0.00003-0.0001) 73 (9-90) 0.40 (0.02-0.57) 
Pilot1,4,5 
0.003 (0.002-0.007)1 
0.068 (0.004-0.252)4 
0.069 (0.004-0.25)5 
≥971 
83 (38->99)4 
66 (25.0-99.6)5 
1.83 (1.45-2.05)1 
0.56 (0.121-0.745)4 
nm5 
Fe 
Demo 0.16 (0.006-0.697) 67 (0-99) 0.41 (0-1.3) 
Pilot3,6 
0.09 (0.059-0.117)3 
0.077 (0.036-0.142)6 
41 (0-89.2)3 
81 (66.2-88.6)6 
0.26 (0-0.594)3 
0.54 (0.523-0.544)6 
Mn 
Demo 0.22 (<0.0014-2.658) 55 (0-99) 0.41 (0-1.2) 
Pilot3,6 
0.052 (0.016-0.138)3 
0.201 (0.026-0.426)6 
94 (88.3-98.0)3 
84 (64.5-97.9)6 
0.78 (0.595-1.04)3 
0.68 (0.518-0.970)6 
nm- not measured in the pilot-scale studies 
1Alley et al. (2013); FWS wetland; HRT=24 hr/cell 
2Beebe et al. (2015); FWS wetland; HRT=48 hr/cell 
3Horner et al. (2012); FWS wetland; HRT=24 hr/cell, 96 hr/series 
4Johnson et al. (2008); FWS wetland; HRT=24 hr/cell, 96 hr/series for fresh & brackish water, 48 
hr/series for saline & hypersaline water 
5Kanagy et al. (2008); FWS wetland; HRT=24 hr/cell, 96 hr/series for fresh & brackish water, 48 
hr/series for saline & hypersaline water 
6Pardue et al. (2014); FWS wetland; HRT=24 hr/cell, 96 hr/series 
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Abstract 
Unconventional gas produced water (PW) can potentially be renovated using 
constructed wetland treatment systems (CWTSs). The objective of this study was to 
compare treatment performance of wetlands with two organic carbon amendments (a 
fermented yeast product and shredded hardwood mulch) in a demonstration CWTS 
treating coal bed methane PW. Both amendments provide nutrients and a source of 
organic carbon to help transform certain constituents of concern (COCs) by promoting 
reducing conditions in the wetland sediment. The system design enables treatment of 
COCs (i.e. ammonia, Ba, Cd, Fe, and Mn) by targeting specific biogeochemical 
pathways, including nitrification and denitrification of ammonia to nitrogen gas, 
precipitation of Ba in the presence of sulfate, precipitation of Cd by sulfides produced 
through dissimilatory sulfate reduction, and oxidation and sorption of Fe and Mn. 
Concentrations of COCs in inflows and outflows were measured bi-weekly for 6 months. 
Inflow concentrations of COCs were 0.1-3.3 mg ammonia-N/L, 5.4-42 mg Ba/L, 0.11-
0.28 μg Cd/L, 0.101-2.44 mg Fe/L, and 0.020-0.169 mg Mn/L. Reducing conditions 
required for denitrification and dissimilatory sulfate reduction were successfully 
promoted in amended cells by incorporating either AquaSmart or mulch. In a statistical 
comparison of removal efficiencies and removal rate coefficients of COCs in each 
treatment series, it was determined that there is no significant difference between 
AquaSmart and mulch, except for removal of Fe, which had higher removal efficiency in 
the mulch series. AquaSmart amended cells had statistically significantly (α = 0.05) 
lower sediment redox conditions and were more effective at treating Ba and Cd. Mulch 
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amended cells had statistically significantly (α = 0.05) higher sediment redox conditions 
and were more effective at treating ammonia, Fe, and Mn. Results suggest that use of 
amendments is important when treating COCs requiring specific sediment redox 
conditions.  
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1. Introduction 
Produced waters (PWs) generated through oil and gas production from 
conventional reservoirs, shale, coal beds, and tight sands contain constituents that may 
pose risks and limit options for reuse or discharge.  Both physical and chemical 
properties of PWs are site-specific and vary due to extraction techniques and prolonged 
contact with host rock formations and hydrocarbons (Alley et al. 2011; Murray-Gulde et 
al. 2003).  
Constructed wetland treatment systems (CWTSs) offer a potential option to 
mitigate risks posed by untreated PWs.  CWTSs can be designed specifically to transfer 
and transform constituents of concern (COCs) to decrease their concentrations (Rodgers 
and Castle 2008).  COCs are compounds or elements that require treatment to meet water 
use guidelines, which can vary depending on intended use of the water.  Treatment is 
achieved by promoting an environment that supports biogeochemical pathways of 
removal to decrease COC concentrations (Horner et al. 2012).  By combining the 
technology from various types of constructed wetland designs, hybrid systems can be 
used to achieve a wider range of treatment.  Constructed wetlands have successfully 
treated various types of impaired water for nearly 50 years and have proven to be a low-
energy and low-cost (as low as 0.001$/bbl PW; Table 1; Jackson and Myers 2002) 
alternative to conventional water treatment methods (Chen 2011; Dorman et al. 2009; 
Economopoulou and Tsihrintizis 2004; Horner et al. 2012; Nelson and Gladden 2008; 
Vymazal et al. 2006; Vymazal 2011).  Mooney and Murray-Gulde (2008) found that 
costs for constructing CWTSs are commonly 50 to 70 % less than for conventional 
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treatment systems, with CWTS operation and maintenance costs between $0.25 and 
$0.80 per 1000 gallons (23.8 bbl) of water treated (Table 1).   
Pilot-scale CWTSs have been used to assess treatment of constituents that could 
potentially limit PW beneficial use (Alley et al. 2013; Beebe et al. 2013; Beebe et al. 
2015; Horner et al. 2012; Huddleston et al. 2000; Johnson et al. 2008; Kanagy et al. 2008; 
Pardue et al. 2014; Spacil et al. 2011).  These studies demonstrated successful treatment 
of targeted COCs, including Fe, Mn, Zn, Ni, Cd, Cu, Se, ammonia, oil and grease, and 
low molecular weight organics to meet criteria for beneficial use.  Constructed wetlands 
are an appealing treatment alternative for many types of PWs, and often these wetlands 
require sediment amendment to encourage treatment pathways for constituent removal 
(Kanagy et al. 2008; Song 2010; Spacil et al. 2011; Van Heest 2012).  Examples of these 
amendments are hay (Alley et al. 2013; Spacil et al. 2011), wetland plant detritus (Alley 
et al. 2013; Dorman et al. 2009; Johnson et al. 2008; Kanagy et al. 2008; Spacil et al. 
2011), shredded mulch (Johnson et al. 2008), sucrose (Beebe et al. 2013; Beebe et al. 
2015), and AquaSmartTM (Diamond V Corporation, Cedar Rapids, IA, USA), a fermented 
yeast product (Spacil et al. 2011; Van Heest 2012).  Spacil et al. (2011) compared 
treatment in a wetland series containing no organic amendment to treatment using four 
readily available carbon sources (sucrose, AquaSmart, hay, and Typha latifolia detritus) 
and found that a wetland treatment series amended with AquaSmart resulted in greater 
removal of Se than a control series with no organic amendment.  Nelson and Gladden 
(2008) described organic amendment to a full-scale CWTS at the Savannah River Site 
(SRS) to treat process wastewater discharge and stormwater runoff containing copper, 
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mercury, lead, and zinc.  Soils in the SRS wetland were planted with giant bulrush 
(Schoenoplectus californicus) and amended with organic matter, fertilizer, and gypsum 
during construction.  The bulrush plants provided a continuous source of organic material 
to the sediment, which contributed sorption sites and maintained anoxic wetland 
conditions to capture and immobilize the metals (Nelson and Gladden 2008).  Several 
studies support that denitrification in wetlands is limited by available organic matter 
(Bachand and Horne 2000; Ingersoll and Baker 1998; Lin et al. 2002).  Kozub and Liehr 
(1999) found that wetland soil samples with readily degradable carbon sources had higher 
denitrification rates than rates measured prior to the addition of carbon.  These studies 
provide results that can improve critical design features of demonstration- and full-scale 
systems.   
In the current investigation, coal bed methane PW (CBMPW) from Blue Creek 
Field in the Black Warrior Basin of Alabama was treated in an onsite demonstration 
CWTS.  COCs identified in the PW at this site were ammonia, Ba, Cd, Fe, and Mn.  The 
goal was to achieve water quality with constituents of concern below chosen guidelines 
for aquatic life and human health (Clean Water Act Section 304(a); 1.4 mg ammonia-
N/L, 1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L; USEPA 1972).  Other 
waters containing these COCs include PWs from conventional natural gas, conventional 
oil, shale gas, and tight gas sands (Alley et al. 2011). 
Organic amendments (AquaSmart and shredded hardwood mulch) were 
incorporated into the sediment of separate wetland series in the demonstration CWTS to 
provide nutrients and a source of organic carbon.  These amendments can help transform 
  70 
COCs by promoting reducing sediment conditions.  The objectives of this study were to; 
(1) compare wetland conditions in series amended with AquaSmart and series amended 
with mulch in a demonstration CWTS treating CBMPW; and (2) compare treatment of 
COCs (ammonia, Ba, Cd, Fe, and Mn) between series containing the two amendments.   
 
2. Materials and Methods 
2.1 Demonstration CWTS 
The demonstration CWTS was designed to target biogeochemical processes for 
removal of COCs identified by analysis of site PW samples.  Treatment pathways were 
based on fundamental reactions that are needed to transfer or transform the targeted 
constituents.  Targeted processes for the demonstration CWTS and the conditions that 
promote these processes were determined from a literature review of pilot-scale studies 
and other studies treating similar COCs.  These studies included investigation of 
amendments such as a fermented yeast product (AquaSmartTM, Diamond V Corporation, 
Cedar Rapids, IA, USA) and shredded hardwood mulch to provide a source of organic 
carbon.  Pilot-scale studies provided removal rate coefficients for COCs that were used 
for the design of this system.  The demonstration CWTS was designed to promote 
conditions required for treatment of the site-specific COCs.  
Processes identified for removal of COCs were: nitrification and denitrification of 
ammonia to nitrogen gas (Beebe et al. 2015; Odell et al. 1996; USEPA 2002; Vymazal et 
al. 2006; Vymazal 2007); chemical precipitation of Ba in the presence of sulfate (Bosman 
et al. 1991; INAP 2003); precipitation of Cd by sulfides produced through dissimilatory 
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sulfate reduction (Allen et al. 1993; Alley et al. 2013; Carbonell et al. 1999; Guo et al. 
1997; Jurinko 2012; Morse et al. 1993); and precipitation of Fe and Mn through oxidation 
and sorption (Guo et al. 1997; Pardue et al. 2014).  The demonstration CWTS was 
designed to produce the specific conditions required for each of these processes.  Because 
some of these processes require oxidizing conditions and others require reducing 
conditions, the demonstration system was designed with both oxidizing wetland cells and 
reducing cells.  
The demonstration CWTS consisted of four treatment series, each containing four 
cells (378.5-L Rubbermaid® containers) connected with 2.5-cm poly-vinyl chloride 
(PVC) pipe to maintain gravity flow into each consecutive cell (Figure 1).  The sediment 
in all cells consisted of 25 cm of sand (0.125-0.25 mm) overlain by 30 cm water. Each 
cell was planted with 20 to 30 cattails (Typha latifolia and Typha angustifolia) harvested 
from a pond near the CWTS site.   
At the time of construction, approximately 10 kg of fermented yeast product 
(AquaSmartTM) per cell was added to cells 2 and 3 in two of the CWTS series (A and B; 
Figure 1), and approximately 10 kg shredded hardwood mulch per cell was added to cells 
2 and 3 of the other two series (C and D; Figure 1) to promote reducing conditions and 
provide nutrients to plants and sulfate-reducing bacteria.  Reducing conditions, promoted 
by the presence of organic matter, such as the nutrient amendments, allow many trace 
elements and heavy metals to react with hydrogen sulfide to form insoluble metal sulfides 
(Kosolapov et al. 2004; Kropfelova et al. 2009).  Cells 2 and 3 in each series targeted 
denitrification of nitrate and dissimilatory sulfate reduction.  
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Cells 1 and 4 of each series did not receive any organic amendment in order to 
promote oxidizing conditions for nitrification of ammonia and precipitation of Fe and Mn 
from their soluble forms Fe(II) and Mn(II) to insoluble Fe(III) oxides and Mn(IV) oxides.  
Microbial nitrification of ammonia begins the three-step process of transforming 
ammonia to nitrogen gas.  First, ammonia is oxidized to nitrite by autotrophic nitrifying 
bacteria (e.g. Nitrosomonas; Eq. 1; Gambrell and Patrick 1978; Watson et al. 1981). 
NH3 + O2 > NO2
- + 3H+ + 2e-               (1) 
Further oxidation by Nitrobacter transforms nitrite to nitrate  (Eq. 2; Gambrell and 
Patrick 1978; Watson et al. 1981). 
NO2
- + H2O > NO3
-2 + 2H+ + 2e-                          (2) 
Nitrification requires >2.0 mg/L dissolved oxygen (Gambrell and Patrick 1978) and pH 
between 6.6 and 9.7 (Odell et al. 1996).  Precipitation of Fe and Mn requires ≥ 2.0 mg/L 
DO concentration and near neutral pH (6-8) when Fe and Mn oxides co-precipitate trace 
metals (Kosolapov et al. 2004; Kropfelova et al. 2009).  Typha latifolia can increase 
levels of dissolved oxygen in a wetland by promoting soil aeration (Chen 2011; Vymazal 
2011), and a free-water surface (FWS) design maximizes the contact between water and 
atmosphere, thereby increasing diffusion of oxygen into the water (Chen 2011).  Both of 
these design parameters were used in the demonstration CWTS. 
The final step in the transformation of ammonia is the reduction of nitrate to 
nitrogen gas by heterotrophic facultative anaerobes (Eq. 3; Knowles 1981). 
6NO3
-2 + 5CH3OH > 5CO2 + 3N2 + 7H2O + 6OH
-                        (3) 
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Microbial denitrification of nitrate and metal complexation with sulfides produced 
through dissimilatory sulfate reduction require dissolved oxygen concentration of <0.5 
mg/L (Gambrell and Patrick 1978) and dissolved organic carbon to feed heterotrophic 
facultative anaerobes.   
Dissimilatory sulfate reduction is favored by sediment redox potential between -
50 and -250 mV (Horner et al. 2012).  Precipitation of Ba can occur in the presence of 
sulfate under conditions targeted in the reducing and oxidizing cells in the demonstration 
CWTS (pH between 2 and 12, sediment redox potential >-600 mV; Bosman et al. 1991; 
Chung 1989; INAP 2003).  Each cell was amended with pelletized gypsum (1 % v/v; 
CaSO4·2H2O) at the time of construction to provide a source of sulfate.   
Produced water from 50 to 60 coal bed methane wells was delivered to the 
wetland site by a vacuum tanker.  The tanker filled a 5,678-L polypropylene carboy 
retention basin from which PW was pumped into the first cell of each series by a Fluid 
Metering Inc. ® (FMI®) model QG400 piston pump.  Wetland cells were arranged for 
gravity flow through the series.  After the PW reached the last cell, the treated water 
flowed into a 190-L storage tank from which it was transferred using a sump pump to an 
outflow retention basin (a 5,678-L polypropylene carboy basin) and subsequently 
returned to the waste stream at the facility (Figure 1).  The inflow retention basin was 
refilled with PW and the outflow retention basin was emptied as needed.   
In order to achieve the desired HRT for the demonstration system, each piston 
pump was set at a flow rate of 140 mL/min, resulting in a nominal 24-hour HRT per 
wetland cell (378.5-L Rubbermaid® container) or 96-hour per series.  Sampling events 
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occurred every other Thursday morning (immediately before the inflow retention basin 
was refilled) so that the water sampled in the outflow had reached or exceeded the 96-
hour HRT for the system.  
 
2.2 Wetland conditions 
The demonstration system was constructed on May 30, 2012, and planting of 
cattails was completed on May 31, 2012.  Initially, municipal water was introduced to the 
system from 5/31/2012 to 9/3/2012 to allow growth and acclimation of the plants and 
microbes prior to introduction of produced water.  Produced water was introduced to the 
system 14 weeks after construction on September 3, 2012.  Conductivity, pH, dissolved 
oxygen (DO) concentration, sediment oxidation-reduction (redox) potential, and 
temperature were measured in each CWTS cell on 7/10/2012 and 8/22/2012 to determine 
system readiness and then biweekly after introduction of PW on 9/3/2012 until 
3/28/2013.  Temperature and pH were measured using an Orion® model A325 field 
instrument.  Conductivity and DO concentration were measured using YSI® model 30 
and YSI model 55 field instruments, respectively.  Alkalinity and hardness were 
measured as CaCO3 concentration using standard methods (APHA 2005).  Sediment 
redox potential was measured in the center of each cell at a depth of 3 cm below the 
sediment-water interface using a GDT-11 Multi-meter connected to an in-situ platinum-
tipped electrode and an Accumet® calomel reference electrode (Faulkner et al., 1989).   
Statistical differences in pH, DO, and sediment redox potential between series 
amended with AquaSmart and series amendment with mulch, as well as between 
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AquaSmart cell 2 (average of the two series) and mulch cell 2 (average of the two series), 
and AquaSmart cell 3 (average of the two series) and mulch cell 3 (average of the two 
series) were determined by ANOVA and Tukey’s test (JMP, SAS Institute Inc.) with α = 
0.05.   
 
2.3 Treatment performance 
Performance was measured by sampling inflow to the system and outflow from 
each of the 16 wetland cells and then determining the removal extent (the concentration 
of a COC in wetland system outflow), first-order removal rate coefficients (k, day-1), and 
removal efficiency (the percent decrease in concentration of a COC from inflow to 
outflow) of each COC for each cell and series.  Aqueous samples were collected bi-
weekly on 14 sampling dates (9/6/2012 to 3/28/2013).  Acid-washed 500-mL plastic 
Nalgene bottles were filled at each of the 17 sampling locations, stored in a cooler on ice, 
and transported to Clemson University for analysis.  After 25 mL of sample was filtered 
using 0.45-μm syringe filters (EMD Millipore Corporation; MCE membrane), 1 mL of 
filtered sample was transferred gravimetrically to an acid-washed 15 mL centrifuge tube 
and brought to a volume of 10 mL with 2 % trace metal grade nitric acid.  Samples were 
analyzed using inductively-coupled plasma mass-spectrometry (ICP-MS) (Thermo 
Scientific X Series) according to EPA Method 200.8 (USEPA 1994).  Gallium and 
Yttrium internal standard recoveries were within 80 to 120 % according to instrument 
quality assurance/quality control protocol.  Ammonia (as N) was measured according to 
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standard methods (4500D; APHA 2005) using an Orion® model 95-12HP ammonia-
selective electrode.   
Removal efficiency was calculated for each COC in each cell and series for each 
of the 14 sampling dates using Equation 4. 
 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  =  (
[𝐶]0−[𝐶]
[𝐶]0
) × 100             (4)  
where [C]o (mg/L) is concentration of a COC in the inflow, and [C] (mg/L) is 
concentration in the outflow.  Removal rate coefficient (k, day-1) was calculated for each 
COC in each cell and series for each sampling date using Equation 5, which assumes 
first-order kinetics (Horner et al. 2012; Johnson et al. 2008). 
𝑘 =  
− ln([𝐶]/[𝐶]0)
𝑡
                                                             (5) 
where t (days) is HRT for the series.  Removal extents of ammonia, Ba, Cd, Fe, and Mn 
were each averaged from outflow of each series.  The success of the demonstration 
system was assessed by comparing removal extents from each series to the WQC for each 
COC on each of the 14 sampling dates (Table 2). 
Treatment performance was compared between two series amended with 
AquaSmart and treatment performance in two series amended with mulch by calculating 
removal efficiency and removal rate coefficients for ammonia, Ba, Cd, Fe, and Mn.  
Removal efficiencies and rate coefficients calculated in outflow of series A and B 
(AquaSmart) were averaged for each sampling date, and removal efficiencies and rate 
coefficients calculated in outflow of series C and D (mulch) were averaged for each 
sampling date.  The COC removal data were analyzed for normal distribution, and 
significant differences for each COC between the AquaSmart series (mean removal 
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efficiency or rate coefficients of series A and B) and the mulch series (mean removal 
efficiency or rate coefficients of series C and D) were assessed by ANOVA and Tukey’s 
test.  These statistical analyses were conducted (α = 0.05) using SAS 9.3 and JMP (SAS 
Institute Inc.).  Removal efficiencies and rate coefficients of the cells containing 
AquaSmart (cells 2 and 3 of series A and B) and the cells containing mulch (cells 2 and 3 
of series C and D) were also compared by analyzing for statistical differences between 
cell 2 for each amendment and each COC and cell 3 for each amendment and each COC 
using ANOVA and Tukey’s test (α = 0.05).   
 
3. Results 
3.1 Wetland conditions  
Values for explanatory parameters measured in the oxidizing cells (1 and 4) on 
7/10/2012 and 8/22/2012, which was prior to initiation of treatment, were 219 to 761 
µS/cm conductivity, 0.5 to 3.5 mg/L DO, 6.4 to 7.9 pH, and 25.2 to 31.2 degrees C.  
Values for explanatory parameters measured in the reducing cells (2 and 3) of AquaSmart 
series A and B on 7/10/2012 and 8/22/2012 were 270 to 1,435 µS/cm conductivity, 0.3 to 
2.9 mg/L DO, 6.9 to 7.8 pH, and 24.8 to 31.1 degrees C.  Values for explanatory 
parameters measured in the reducing cells (2 and 3) of mulch series C and D on 
7/10/2012 and 8/22/2012 were 160 to 445 µS/cm conductivity, 1.7 to 4.0 mg/L DO, 6.6 
to 7.3 pH, and 25.9 to 29.2 degrees C.  Sediment redox potential was outside the targeted 
range (>-50 mV) in oxidizing cell 1 of series A, C, and D (-200, -156, and -189 mV, 
respectively) and oxidizing cell 4 of series B and C (-164 and -211 mV, respectively) on 
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7/10/2012.  On 8/22/2012 sediment redox potential was outside the targeted range (>-50 
mV) in oxidizing cell 1 of series A (-196 mV) and oxidizing cell 4 of series A and C (-
135 and -102 mV, respectively), indicating further system acclimation.  Sediment redox 
potential was within the targeted range (≤-50 mV) in reducing cells 2 and 3 of all series 
on both 7/10/2012 and 8/22/2012 (-313 to -90 mV). 
Throughout the study, sediment redox potential was within the targeted range (>-
50 mV for oxidizing cells; ≤-50 mV for reducing cells) in 98, 100, 98, and 91 % of 
measurements for series A, B, C, and D, respectively.  Mean sediment redox potential 
was lower in reducing cells (2 and 3) of series A, B, C, and D (-278, -215, -241, and -168 
mV, respectively) compared to oxidizing cells (201, 204, 194, and 170 mV, respectively; 
Table 3).  Lower sediment redox potential in the reducing cells compared to the oxidizing 
cells is attributed to the addition of mulch and AquaSmart, leading to consumption of 
oxygen by aerobic microorganisms during organic matter biodegradation.  DO 
concentration in water of the oxidizing wetland cells (1 and 4) in each series ranged from 
1.1-14.3 mg/L.  DO concentration in the water of the reducing cells (2 and 3) ranged 
from 1.4-10.8 mg/L in the two mulch series and 1.3-13.0 mg/L in the two AquaSmart 
series (Table 3).  Although the range of measured DO concentrations in water of the 
reducing cells was outside the targeted range (≤ 2 mg/L), redox potential in sediment of 
the same cells remained reducing (Figure 2A, 2B, 2C, 2D, 2E, 2F; Table 3).  In wetland 
cells of all series, measured water temperatures ranged from 9-28C, conductivity of the 
surface water from 5,980-18,300 μS/cm, which is approximately 4,000-12,260 ppm total 
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dissolved solids (TDS), pH from 6.1-8.4 (S.U.; Table 3), alkalinity from 46-550 mg/L as 
CaCO3, and hardness from 900-6,660 mg/L as CaCO3.  
Sediment redox potential in AquaSmart cells 2 and 3 (-247 mV; average of cells 2 
and 3 from series A and B for all 14 sampling dates) was statistically significantly lower 
(α = 0.05) than mulch cells 2 and 3 (-204 mV; average of cells 2 and 3 from series C and 
D for all 14 sampling dates).  There was no significant difference (α = 0.05) when 
comparing sediment redox potential of the two AquaSmart series and the two mulch 
series (cells 1-4 of series A and B, and cells 1-4 of series C and D).  When comparing 
AquaSmart cell 2 to mulch cell 2 (average of cell 2 in series A and B and average of cell 
2 in series C and D for all 14 sampling dates), redox potential was lower in the 
AquaSmart cell 2 than the mulch cell 2 (-256 and -230 mV, respectively) but not 
statistically significantly (α = 0.05).  However, when comparing AquaSmart cell 3 to 
mulch cell 3 (average of cell 3 in series A and B and average of cell 3 in series C and D 
for all 14 sampling dates), redox potential was statistically significantly lower (α = 0.05) 
in the AquaSmart cell 3 than the mulch cell 3 (-238 and -179 mV, respectively).   
Dissolved oxygen concentration in water of AquaSmart cells 2 and 3 (8.0 mg/L; 
average of cells 2 and 3 from series A and B for all 14 sampling dates) was statistically 
significantly higher (α = 0.05) than DO concentration in water of mulch cells 2 and 3 (6.5 
mg/L; average of cells 2 and 3 from series C and D).  When comparing DO concentration 
in water of the two AquaSmart series and the two mulch series (cells 1-4 of series A and 
B, and cells 1-4 of series C and D), the AquaSmart series had statistically significantly 
higher DO than the mulch series (α = 0.05).  There was no significant difference (α = 
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0.05) when comparing cell 2 between the two amendments, but when comparing cell 3, 
AquaSmart cell 3 of series A and B was statistically significantly higher (8.0 mg/L) than 
mulch cell 3 of series C and D (5.8 mg/L; α = 0.05).   
In AquaSmart cells 2 and 3 pH was statistically significantly higher (7.5 S.U.; 
average of cells 2 and 3 from series A and B for all 14 sampling dates) than mulch cells 2 
and 3 (7.2 S.U.; average of cells 2 and 3 from series C and D for all 14 sampling dates) 
with α = 0.05.  The AquaSmart cells and series also had statistically significantly higher 
pH (α = 0.05) than the mulch cells and series when comparing cells 1-4 (series A and B 
compared to series C and D) and cells 2 and 3 individually (pH 7.6 S.U. in cell 2 from 
series A and B compared to pH 7.3 S.U. in cell 2 from series C and D; pH 7.5 S.U. in cell 
3 from series A and B compared to pH 7.0 S.U. in cell 3 from series C and D for all 14 
sampling dates; α = 0.05).  Although these measurements are statistically significantly 
different, pH and DO were still within ranges in which the wetland could perform. 
 
3.2 Treatment performance 
Ammonia concentrations were less in outflow than in the inflow in all CWTS 
series for all sampling dates with the exception of AquaSmart series A on 9/6/2012 
(inflow concentration 1.3 mg N/L; outflow concentration 2.3 mg N/L).  This may be due 
to sediment redox potential (-137 mV) in the first cell of series A on 9/6/2012 being 
lower than required (>-50 mV) for nitrification of ammonia and to further acclimation of 
the CWTS after the introduction of PW.  After 9/6/2012, all series outflow concentrations 
of ammonia were below or equal to the WQC (1.4 mg/L), with inflow concentrations 
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ranging from 0.1 to 3.3 mg/L and outflow concentrations ranging from <0.03 to 1.4 mg/L 
(Figure 3A; Table 2; Table 4).  Removal efficiency and removal rate coefficients were 
consistent between sampling dates having the lowest and highest inflow concentrations of 
ammonia (0.1 and 3.3 mg/L, respectively), indicating consistent performance as inflow 
concentrations varied over time.  The lowest inflow concentration of ammonia (0.1 mg/L) 
was measured on 9/20/2012, and removal extents, efficiencies, and rate coefficients in 
AquaSmart series A and B were 0.1 and <0.03 mg/L, 0 and >70 %, and 0 and >0.30 d-1, 
respectively.  In mulch series C and D, removal extents, efficiencies, and rate coefficients 
in both series were <0.03 mg/L, >70 %, and >0.30 d-1, respectively.  The highest inflow 
concentration of ammonia (3.3 mg/L) was measured on 10/18/2012, and removal extents, 
efficiencies, and rate coefficients in AquaSmart series A and B were 1.4 and 1.3 mg/L, 58 
and 61 %, and 0.21 and 0.23 d-1, respectively.  In mulch series C and D, removal extents, 
efficiencies, and rate coefficients were 0.9 and 1.3 mg/L, 73 and 61 %, and 0.33 and 0.23 
d-1, respectively.  Mean removal efficiency and mean removal rate coefficients were 
higher in the mulch series (75 % and 0.43 d-1, respectively; Table 4) and cells (47 % and 
0.39 d-1 in cell 2; 61 % and 0.38 d-1 in cell 3, respectively) than in the AquaSmart series 
(66 %, and 0.37 d-1, respectively; Table 4) and cells (38 % and 0.28 d-1 in cell 2; 52 % 
and 0.31 d-1 in cell 3, respectively).  However, there was no significant difference (α = 
0.05) in ammonia removal efficiencies or rate coefficients between the AquaSmart and 
mulch cells or series.   
Barium inflow concentrations ranged from 5.4 to 42 mg/L for the 14 sampling 
dates (Table 4).  For the first five sampling dates (9/6/2012-11/1/2012) Ba concentrations 
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in outflow ranged from 0.13 to 1.4 mg/L (Table 2).  Over 90 % of the inflow 
concentration of Ba was removed for each of these sampling dates (Figure 3B).  
Concentrations were less in the outflow than in the inflow in all CWTS series for all 
sampling dates with the exception of AquaSmart series A and B on 11/15/2012, and 
series A, B, C, and D on 11/29/2012 (Figure 3B), which was attributed to lack of sulfate 
in the wetland cells.  To increase Ba removal, approximately 300 g of pelletized gypsum 
was added as a source of sulfate to all wetland cells every two weeks beginning on 
11/29/2012.  Samples collected between 12/13/2012 and 3/27/2013 indicated greater Ba 
removal (Figure 3B), with extents ranging from 1.1 to 3.9 mg/L (Table 2).  The lowest 
inflow concentration of Ba (5.4 mg/L) was measured on 2/7/2013, and removal extents, 
efficiencies, and rate coefficients among the four series were 2.7-3.3 mg/L, 39-50 %, and 
0.12-0.17 d-1, respectively.  The highest inflow concentration of Ba (42 mg/L) was 
measured on 2/21/2013, and removal extents, efficiencies, and rate coefficients were 2.1-
3.9 mg/L, 91-95 %, and 0.59-0.75 d-1, respectively.  Although removal efficiencies and 
rate coefficients were lower at the lower inflow concentration (5.4 mg/L), removal 
extents (outflow concentrations) were comparable (2.7 and 2.1 mg/L, respectively) for 
the lowest (5.4 mg/L) and highest (42 mg/L) inflow concentrations.  This indicates 
consistent treatment performance as inflow concentrations varied over time.  Mean 
removal efficiency and mean rate coefficients were slightly higher in the AquaSmart 
series (69 % and 0.45 d-1, respectively; Table 4) and cells (32 % and 0.22 d-1 in cell 2; 50 
% and 0.30 d-1 in cell 3, respectively) than in the mulch series (66 % and 0.43 d-1, 
respectively; Table 4) and cells (27 % and 0.18 d-1 in cell 2; 48 % and 0.29 d-1 in cell 3, 
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respectively).  However, there was no significant difference (α = 0.05) in Ba removal 
efficiencies or rate coefficients between the AquaSmart and mulch cells or series. 
Cadmium concentrations decreased from inflow to outflow in all CWTS series on 
9/6/2012 and 9/20/2012 to below WQC (0.25 μg/L), and after 9/20/2012 Cd was not 
present in PW inflow in concentrations greater than the WQC (Table 2).  Inflow 
concentrations ranged from 0.11 to 0.28 μg/L, and removal extent ranged from <0.03 to 
0.10 μg/L for CWTS series on 9/6/2012 and 9/20/2012 (Table 2; Table 4).  Although 
there was no significant difference (α = 0.05) in Cd removal efficiencies and rate 
coefficients between the AquaSmart and mulch cells or series, mean removal efficiency 
and mean rate coefficients were higher in the AquaSmart series (81 % and 0.44 d-1, 
respectively; Table 4; Figure 3C) and cells (81 % and 0.90 d-1 in cell 2; 76 % and 0.52 d-1 
in cell 3, respectively) than in the mulch series (65 % and 0.37 d-1, respectively; Table 4; 
Figure 3C) and cells (69 % and 0.59 d-1 in cell 2; 70 % and 0.46 d-1 in cell 3, 
respectively).   
Concentrations of Fe decreased from inflow to outflow in all CWTS series for all 
sampling dates with the exception of AquaSmart series A and B on 9/6/2012 and 
AquaSmart series A on 9/20/2012.  This may be attributed to sediment redox potential in 
the first cell of series A on 9/6/2012 and 9/20/2012 being lower (-137 and -10 mV, 
respectively) than the targeted sediment redox potential for conditions required for 
treatment of Fe, suggesting that the CWTS was continuing to acclimate after introduction 
of PW.  During sampling dates from 9/6/2012 to 10/4/2012 and 11/29/2012 to 3/27/2013, 
Fe concentration in inflow was less than the WQC of 1.0 mg/L, ranging from 0.101 to 
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0.784 mg/L, with removal extents ranging from 0.006 to 0.697 mg/L (Table 2).  On 
10/18/2012, 11/1/2012, and 11/15/2012, Fe concentration in the inflow was greater than 
the WQC, ranging from 1.48 to 2.44 mg/L, with removal extents ranging from 0.016 to 
0.331 mg/L in all series (Table 2).  The demonstration system maintained removal 
efficiencies and removal rate coefficients between sampling dates with the lowest and 
highest inflow concentrations of Fe (0.101 and 2.44 mg/L, respectively), indicating 
consistent performance as inflow concentrations varied over time.  The lowest measured 
inflow concentration of Fe (0.101 mg/L) was measured on 9/20/2012, and removal 
efficiencies and rate coefficients in AquaSmart series A and B were 0 and 86 % (Figure 
3D), and 0 and 0.50 d-1, respectively.  In mulch series C and D, removal efficiencies and 
rate coefficients in both series were 91 and 84 % (Figure 3D), and 0.60 and 0.45 d-1, 
respectively.  The highest inflow concentration of Fe (2.44 mg/L) was measured on 
10/18/2012, and removal efficiencies and rate coefficients in AquaSmart series A and B 
were 96 and 99 % (Figure 3D), and 0.83 and 1.3 d-1, respectively.  In mulch series C and 
D, removal efficiencies and rate coefficients were 99 % (both series; Figure 3D), and 1.1 
and 1.2 d-1, respectively.  With the exception of AquaSmart series A on 9/20/2012, Fe 
removal efficiencies on both sampling dates were between 80 and 100 % (Figure 3D), 
and mean rate coefficients were 0.52 d-1 (9/20/2012) and 1.1 d-1 (10/18/2012).  This 
indicates the ability of the demonstration CWTS to maintain performance with changes in 
inflow PW chemistry.  Mean removal rate coefficients were higher in the mulch series 
(0.45 d-1) than the AquaSmart series (0.36 d-1; Table 4), and removal efficiency and rate 
coefficients were higher in the mulch cells (49 % and 0.45 d-1 in cell 2; 61 % and 0.43 d-1 
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in cell 3, respectively) than the AquaSmart cells (40 % and 0.38 d-1 in cell 2; 47 % and 
0.32 d-1 in cell 3, respectively).  Mean removal efficiency of Fe was statistically 
significantly higher (α = 0.05) in the mulch series (74 %) than in the AquaSmart series 
(59 %; Table 4).  
Concentrations of Mn decreased from inflow to outflow in all CWTS series with 
the exception of series A, B, C, and D on 9/6/2012 and series A and D on 9/20/2012.  
This may be attributed to acclimation of the CWTS continuing after introduction of PW.  
Manganese was not detected in PW inflow on 10/4/2012, 11/1/2012, 11/15/2012, 
11/29/2012, 2/7/2013, and 2/21/2013.  After 9/20/2012, all outflow concentrations of Mn 
(ranging from <0.0014 to 0.050 mg/L; Table 2) were below or equal to the WQC (0.05 
mg/L), with inflow concentrations ranging from 0.029 to 0.169 mg/L.  The demonstration 
system maintained removal efficiencies and removal rate coefficients between sampling 
dates with the lowest and highest inflow concentrations of Mn (0.029 and 0.169 mg/L, 
respectively), indicating consistent performance as inflow concentrations varied over 
time.  The lowest measured inflow concentration of Mn (0.029 mg/L) was measured on 
12/13/2012, and removal extents, efficiencies, and rate coefficients in all series were 
<0.0014 mg/L, >95 % (Figure 3E), and >0.77 d-1, respectively.  The highest inflow 
concentration of Mn (0.169 mg/L) was measured on 10/18/2012, and removal extents, 
efficiencies, and rate coefficients in all series were <0.0014 mg/L, >99 % (Figure3E), and 
>1.2 d-1, respectively.  With removal efficiencies greater than 95 % for both sampling 
dates, removal rate coefficients were 0.77 d-1 and 1.2 d-1 for the lowest and highest inflow 
concentrations, respectively, indicating the ability of the demonstration CWTS to 
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maintain treatment performance.  There was no significant difference (α = 0.05) in Mn 
removal efficiencies and rate coefficients between the AquaSmart and mulch cells or 
series.  However, mean removal efficiency and rate coefficients were higher in the mulch 
series (60 % and 0.44 d-1, respectively; Table 4; Figure 3E) and cells (20 % and 0.20 d-1 
in cell 2; 46 % and 0.45 d-1 in cell 3, respectively) than the AquaSmart series (51 % and 
0.39 d-1, respectively; Table 4; Figure 3E) and cells (21 % and 0.26 d-1 in cell 2; 29 % and 
0.32 d-1 in cell 3, respectively).  Selenium was not detected on any sampling dates after 
the CBMPW characterization prior to wetland construction.   
 
4. Discussion 
The CWTS design incorporating both oxidizing and reducing cells in each series 
to allow for treatment of multiple COCs proved to be robust, with consistent removal of 
ammonia, Ba, Cd, Fe, and Mn in CBMPW despite variance in inflow concentrations.  
Inflow concentrations ranged from 0.1 to 3.3 mg/L ammonia-N, 5.4 to 42 mg/L Ba, 0.11 
to 0.28 μg/L Cd, 0.101 to 2.44 mg/L Fe, and 0.020 to 0.169 mg/L Mn (Table 4).  
Conditions were adjusted, as needed, based on characteristics of the CBMPW being 
treated and the treatment goals.   
To promote conditions (≤-50 mV) needed for microbial denitrification of nitrate 
and metal complexation with sulfides produced through dissimilatory sulfate reduction, 
organic carbon amendments (mulch and AquaSmart) were added to CWTS sediment of 
cells 2 and 3.  Organic matter in sediment can increase the sediment oxygen demand, 
lower the sediment redox potential, provide nutrients to sulfate reducing bacteria, provide 
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matter to which metals can adsorb, and provide nutrients to wetland plants that are 
especially beneficial during wetland maturation (Zawislanski et al. 2001; Zhang and 
Frankenberger 2005).  Machemer and Wilderman (1992) found that an important metal 
sequestering process was metal adsorption onto organic material in the substrate during 
the initial flow to a CWTS.  After adsorption sites are filled and sulfate reduction begins, 
metal sulfide precipitation may become the dominant process for treating metals in a 
CWTS (Machemer and Wilderman 1992).  Organic carbon also provides sorption sites 
for Fe and Mn under reducing conditions (Guo et al. 1997).  Jurinko (2012) found that 
concentrations of metals in sediment of a pilot-scale CWTS correlated significantly with 
organic matter content.  Plants, such as Typha latifolia, contribute organic matter to a 
wetland by adding plant material to the sediment.  
In this study, both AquaSmart and mulch amendments consistently promoted 
reducing conditions, as shown by lower mean sediment redox potential measured in 
reducing cells (2 and 3) of series A, B, C, and D (-278, -215, -241, and -168 mV, 
respectively) compared to oxidizing cells (201, 204, 194, and 170 mV, respectively; 
Figure 2B, 2D, 2F).  Lower sediment redox potential in the reducing cells compared to 
the oxidizing cells was attributed to the addition of mulch and AquaSmart, leading to 
consumption of oxygen by aerobic microorganisms during organic matter biodegradation 
in the reducing cells.  These results are comparable to measurements in pilot-scale 
wetland cells amended with 3% pine mulch (by volume) studied by Johnson et al. (2008) 
who reported sediment redox potential ranging from -253 to -11 mV.   
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A pilot-scale wetland designed and constructed by Beebe et al. (2013 and 2015) to 
treat ammonia in simulated oilfield PWs featured mechanical aeration and addition of 
sucrose (organic carbon), crushed oyster shells (CaCO3; stabilizes pH and raises 
alkalinity), and clinoptilolite (sorptive medium).  When conditions required to support 
nitrification were provided, clinoptilolite increased ammonia removal and nitrifying 
activity when inflow ammonia concentrations were greater than or equal to ~6-10 mg/L.  
Ammonia concentrations in the treated FWS wetland decreased significantly more than 
in the untreated system from ~20 mg/L to <0.1 mg/L during three of four treatment 
months (4 sampling dates; Beebe et al. 2015).  Beebe et al. (2015) also determined that 
nitrification and denitrification in amended wetland cells occurred outside many of the 
targeted ranges for wetland conditions; DO concentrations (4.57 to 6.43 mg/L) were 
within the targeted range for nitrification (>2.0 mg/L) but not for denitrification (<0.5 
mg/L), while sediment redox conditions (-254 to -301 mV) met the targeted value for 
denitrification (<50 mV) but not for nitrification (>100 mV).  The aerobic conditions in 
the water column supported nitrification, while anaerobic conditions in the sediment 
supported denitrification, allowing both reactions to occur simultaneously.  In the 
demonstration system, similar conditions were observed with DO concentrations in the 
amended wetland cells (1.4-10.8 mg/L in the two mulch series and 1.3-13.0 mg/L in the 
two AquaSmart series), which were outside the targeted range (≤ 2 mg/L), while 
sediment redox conditions were within range (≤-50 mV) for denitrification and 
dissimilatory sulfate reduction.  Inflow concentrations of ammonia-N were greater and 
more consistent in the simulated PW studied by Beebe (20.3-25.7 mg/L ammonia-N; 
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Beebe et al. 2015) than in the CBMPW treated in the demonstration system (0.1-3.3 
mg/L ammonia-N; Table 4), which resulted in higher removal extents measured by Beebe 
et al. (2015) compared to removal extents in the demonstration system.  Mean removal 
efficiency was higher in the demonstration system indicating that inflow concentration 
may affect the total concentration of ammonia that can be removed in a wetland.  
However, the mean removal rate was higher in the pilot-scale system studied by Beebe et 
al. (2015), which could be due to the use of sucrose as an organic carbon source rather 
than mulch or AquaSmart, as well as the addition of clinoptilolite as a sorptive media and 
a longer HRT (48 hours per cell).  
In a study of a pilot-scale CWTS to treat simulated natural gas storage PWs 
containing chlorides, metals (Cd, Cu, Pb, and Zn), and organics, Johnson et al. (2008) 
amended the wetland sediment of the first two cells in each series with pine mulch (3 % 
by volume) and gypsum (1.5 % by volume). These cells were planted with 
Schoenoplectus californicus (California bulrush).  The last two cells in each series 
contained no amendments and were planted with Typha latifolia (broadleaf cattail).  In 
her experiment, Johnson reported that Cd, Pb, and Zn were primarily removed in the 
initial two CWTS cells containing the pine mulch amendment.  Cd was also primarily 
removed in the first two cells of the demonstration system, after which it was below 
detection, which makes it difficult to evaluate the conditions that allowed for the most 
removal.  Mean concentration of Cd in outflow was lower in the demonstration system, 
but mean removal efficiencies and rate coefficients were higher in the pilot-scale system, 
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probably due to higher inflow concentrations in the pilot-scale system (number of 
sampling dates not reported).  
Removal of Fe and Mn was studied by Horner et al. (2012) in a pilot-scale 
wetland constructed and studied by Pham et al. (2011) treating simulated OPW with two 
subsurface flow (SSF) CWTS series planted with Phragmites australis and one FWS 
series planted with Typha latifolia (4 sampling dates).  All series had a 24-hour HRT per 
cell (96 hours per series) and no amendments were added to the wetland sediment.  
However, reducing conditions developed in portions of the first three cells of each series 
over time with the degradation of suspended and dissolved oil added to the inflow 
simulated OPW.  Horner et al. (2012) observed that, as water containing oil & grease 
moved through the systems, some portions of the cells developed lower redox potential 
while other portions did not.  Inflow concentrations used in the simulated OPW were 
0.075 and 0.547 mg Fe/L, and 0.410 and 1.184 mg Mn/L (Horner et al. 2012).  Pardue et 
al. (2014) also measured Fe and Mn removal in the pilot-scale wetland constructed by 
Pham et al. (2011) but with greater oil and grease concentrations in the inflow (3 
sampling dates).  Iron removal efficiencies and removal rate coefficients measured in the 
mulch series of the demonstration system (mean 74 %, range 36-99 %; mean 0.45 d-1, 
range 0.11-1.2 d-1, respectively; Table 4) are comparable to measurements in the two 
pilot-scale studies, while Fe removal efficiencies and rate coefficients for the AquaSmart 
series are lower (mean 59 %, range 0-99 %; mean 0.36 d-1, range 0-1.3 d-1, respectively; 
Table 4), suggesting that mulch may have provided better sorption sites for Fe and that 
AquaSmart may have decreased the formation of ferric hydroxide precipitates.  Lower 
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Mn removal extents were achieved in studies by Horner et al. (2012) and Pardue et al. 
(2014) than in the demonstration study (Table 4), and Mn removal efficiencies and 
removal rate coefficients were higher in the pilot-scale studies than for the demonstration 
study.  These differences in performance may be attributed to the addition of organic 
carbon amendments (AquaSmart and shredded hardwood mulch) to wetland sediment in 
the demonstration system rather than adding organic carbon in the form of suspended and 
dissolved oil & grease to simulated PW inflow to the pilot-scale system (Horner et al. 
2012; Pardue et al. 2014).  
As determined by ANOVA and Tukey’s Test (α = 0.05) using SAS 9.3, Fe 
removal efficiency was statistically significantly greater in series amended with mulch 
than in series amended with AquaSmart.  Series and cells amended with AquaSmart and 
series and cells amended with mulch were equally effective (α = 0.05) in removing 
ammonia, Ba, Cd, and Mn.  However, mean removal efficiencies and removal rates of Ba 
and Cd were greater in series amended with AquaSmart (69 % and 0.45 d-1, and 81 % and 
0.44 d-1, respectively; Table 4) than in series amended with mulch (66 % and 0.42 d-1, 
and 65 % 0.37 d-1, respectively; Table 4), while mean removal efficiencies and removal 
rates of ammonia, Fe, and Mn were greater in series amended with mulch (75 % and 0.43 
d-1, 74 % and 0.45 d-1, and 60 % and 0.44 d-1, respectively; Table 4) than in series 
amended with AquaSmart (66 % and 0.37 d-1, 59 % and 0.36 d-1, and 51 % and 0.39 d-1, 
respectively; Table 4).  These results indicate the importance of sediment redox 
conditions for treatment of these COCs.  There was no significant difference (α = 0.05) 
when comparing sediment redox potential of the two AquaSmart series (cells 1-4 of 
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series A and B; mean -22 mV; range -415 mV to 344 mV) and the two mulch series (cells 
1-4 of series C and D; mean -11 mV; range -394 mV to 329 mV), although mean redox 
potential was lower in the AquaSmart series.  Sediment redox potential was statistically 
significantly lower (α = 0.05) in the amended cells of the two AquaSmart series (mean -
247 mV; range -415 to -94 mV) than the amended cells of the two mulch series (mean -
204 mV; range -394 to 44 mV).  Therefore, conditions in the AquaSmart series were 
more favorable than in the mulch series for treatment of Cd, than for ammonia, Fe, and 
Mn, which require oxidizing conditions for treatment.  In addition to differences in 
sediment redox potential, the shredded hardwood mulch potentially provided more 
favorable sorption sites for Fe and Mn, which may have contributed to greater removal.   
Design features of the demonstration system (e.g. addition of organic carbon, 
oxidizing and reducing cells, Typha latifolia, and HRT) can be modified for incorporation 
in full-scale constructed wetlands designed to remove ammonia, Ba, Cd, Fe, and Mn.  
Organic carbon can be provided by applying harvested cattail foliage to sediment, which 
may reduce costs in a full-scale wetland (Gersberg et al. 1984).  Treatment has been 
observed in systems without amendments by allowing for a longer HRT.  Increasing the 
HRT of a full-scale CWTS designed for long-term commission may decrease the need for 
recurrent additions of organic carbon amendments, thereby reducing costs.  Manipulating 
certain design features (e.g. increasing HRT or adding organic carbon in a CWTS) could 
result in better performance if seasonal or other changes have decreased performance. 
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5. Conclusion 
 A demonstration CWTS was designed and constructed that consistently 
decreased concentrations of ammonia, Ba, Cd, Fe, and Mn from CBMPW as inflow 
concentrations of COCs varied with time.  Reducing conditions required for 
denitrification and dissimilatory sulfate reduction were successfully promoted in cells 2 
and 3 of each series by incorporating either AquaSmart or shredded hardwood mulch 
amendment.  Concentrations of ammonia-N, Ba, Cd, Fe, and Mn in CWTS outflows 
decreased to below water quality criteria (Clean Water Act; 1.4 mg ammonia-N/L, 1.0 
mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L).  AquaSmart amended cells 
had statistically significantly (α = 0.05) lower sediment redox conditions and were more 
effective at treating Ba and Cd.  Mulch amended cells had statistically significantly (α = 
0.05) higher sediment redox conditions and were more effective at treating ammonia, Fe, 
and Mn.  In a statistical comparison of removal efficiencies and removal rate coefficients 
of COCs in each treatment series, it was determined that there is no significant difference 
between AquaSmart and mulch, except for removal of Fe, which had higher removal 
efficiency in the mulch series.  Results suggest that use of amendments is important when 
treating COCs requiring specific sediment redox conditions.  Because COCs investigated 
in this study occur in PWs associated with other types of conventional and 
unconventional oil and gas, including shale gas and tight sand gas, this CWTS design 
could be adapted for treatment of other PWs. 
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List of Figure Captions 
Figure 1. Schematic of demonstration CWTS. Produced water was pumped from the 
5,867-L inflow retention basin into the first cell of each series. Wetland cells were 
arranged for gravity flow through the series to an outflow retention basin after the last 
cell. Cells 1 and 4 of each series were designed to promote oxidizing conditions, and cells 
2 and 3 were designed to promote reducing conditions with additions of AquaSmartTM 
(series A and B) or mulch (series C and D). 
 
Figure 2. Dissolved oxygen (DO) concentration and redox potential (Eh) for sampling 
dates 11/2/2012 (A and B), 1/10/2013 (C and D), and 3/14/2013 (E and F). Cells 2 and 3 
of Series A and B are amended with AquaSmart, and cells 2 and 3 of Series C and D are 
amended with mulch. 
 
Figure 3. Removal efficiency of (A) ammonia, (B) Ba, (C) Cd, (D) Fe, and (E) Mn in the 
AquaSmart and mulch series during all sampling dates for which they were detected. 
Removal efficiency of the AquaSmart series is the average of series A and B, and 
removal efficiency of the mulch series is the average of series C and D.  
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Table 2. Removal extents and chosen WQC for each COC. 
Sampling Date 
 Outflow Concentration (mg/L) 
Ammonia Ba Cd Fe Mn 
WQC 1.4 1.0 0.00025 1.0 0.05 
9/6/2012 
Series A 
Series B 
Series C 
Series D 
2.3 
0.6 
0.3 
0.3 
0.45 
0.13 
0.26 
0.21 
<0.00003 
0.00003 
0.00003 
0.00010 
0.697 
0.313 
0.084 
0.175 
2.270 
2.658 
0.673 
1.019 
9/20/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
0.54 
0.43 
0.31 
0.24 
<0.00003 
<0.00003 
0.00003 
<0.00003 
0.203 
0.013 
0.009 
0.016 
0.037 
0.002 
0.014 
0.054 
10/4/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
0.28 
0.17 
0.82 
0.39 
* * * 
10/18/2012 
Series A 
Series B 
Series C 
Series D 
1.4 
1.3 
0.9 
1.3 
1.2 
0.91 
0.59 
0.42 
* 0.088 
0.016 
0.028 
0.017 
<0.0014 
<0.0014 
<0.0014 
<0.0014 
11/1/2012 
Series A 
Series B 
Series C 
Series D 
0.1 
1 
0.9 
0.9 
1.4 
1.1 
0.9 
0.61 
* 0.047 
0.020 
0.331 
0.104 
* 
11/15/2012 
Series A 
Series B 
Series C 
Series D 
1.1 
1.2 
1.2 
1.2 
28.8 
29.6 
25.6 
25.0 
* 0.119 
0.070 
0.123 
0.144 
* 
11/29/2012 
Series A 
Series B 
Series C 
Series D 
0.8 
0.9 
0.8 
0.8 
14.6 
13.9 
15.5 
14.0 
* 0.109 
0.055 
0.089 
0.013 
* 
12/13/2012 
Series A 
Series B 
Series C 
Series D 
0.4 
0.5 
0.2 
0.3 
1.8 
1.9 
2.9 
3.1 
* 0.216 
0.099 
0.148 
0.055 
<0.0014 
<0.0014 
<0.0014 
<0.0014 
1/10/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
0.3 
0.1 
0.2 
1.1 
1.5 
3.1 
3.4 
* 0.091 
0.044 
0.067 
0.006 
0.027 
0.007 
<0.0014 
0.011 
1/24/2013 
Series A 
Series B 
Series C 
Series D 
0.2 
0.2 
0.2 
0.3 
2.4 
2.7 
1.4 
1.6 
* 0.130 
0.055 
0.114 
0.037 
0.037 
<0.0014 
0.033 
<0.0014 
2/7/2013 
Series A 
Series B 
Series C 
Series D 
0.6 
1.3 
1 
0.4 
2.7 
2.7 
2.9 
3.3 
* 0.203 
0.238 
0.161 
0.147 
* 
2/21/2013 
Series A 
Series B 
Series C 
Series D 
1.2 
1.3 
1.2 
0.8 
2.4 
2.1 
2.4 
3.9 
* 0.338 
0.324 
0.243 
0.185 
* 
3/14/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
0.4 
0.2 
0.1 
2.9 
2.1 
3.1 
3.9 
* 0.306 
0.322 
0.260 
0.247 
0.044 
0.043 
0.038 
0.027 
3/28/2013 
Series A 
Series B 
Series C 
Series D 
0.1 
<0.03 
<0.03 
<0.03 
2.1 
1.9 
2.5 
3.9 
* 0.370 
0.338 
0.239 
0.218 
0.050 
0.033 
0.021 
0.018 
*COC below detection limit (0.03 µg Cd/L, 0.0062 mg Fe/L, 0.0014 mg Mn/L) in all cells and series 
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Table 3. Explanatory parameters (mean) measured in the four cells containing 
AquaSmart (two in each AquaSmart series) and the four cells containing mulch 
(two in each mulch series) for 14 sampling periods. 
Sampling 
Date 
Amendment 
DO 
(mg/L) 
Redox 
(mV) 
pH 
(S.U.) 
9/6/2012 AquaSmart 2.8 -213 7.2 
Mulch 2.4 -216 7.1 
9/20/2012 AquaSmart 5.5 -317 7.6 
Mulch 4.4 -236 7.7 
10/4/2012 AquaSmart 5.6 -252 7.4 
Mulch 5.9 -236 7.5 
10/18/2012 AquaSmart 6.0 -286 7.2 
Mulch 3.6 -248 7.5 
11/1/2012 AquaSmart 9.9 -240 8.0 
Mulch 3.4 -203 7.2 
11/15/2012 AquaSmart 9.4 -231 8.1 
Mulch 8.4 -139 6.9 
11/29/2012 AquaSmart 9.2 -219 7.5 
Mulch 8.7 -150 7.0 
12/13/2012 AquaSmart 9.3 -263 7.4 
Mulch 9.8 -176 6.7 
1/10/2013 AquaSmart 9.8 -310 7.3 
Mulch 9.8 -235 6.7 
1/24/2013 AquaSmart 8.8 -244 7.3 
Mulch 6.3 -170 7.3 
2/7/2013 AquaSmart 10 -218 7.5 
Mulch 6.9 -191 6.8 
2/21/2013 AquaSmart 9.3 -215 7.6 
Mulch 7.4 -219 7.1 
3/14/2013 AquaSmart 8.7 -207 7.7 
Mulch 7.6 -219 7.3 
3/28/2013 AquaSmart 8.3 -241 7.6 
Mulch 6.5 -224 7.4 
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CHAPTER FOUR 
CONCLUSIONS 
 
 Management of produced water (PW) presents a complex environmental 
challenge that is increasingly important.  Treatment of unconventional gas PW in 
constructed wetland treatment systems (CWTSs) is a potential management solution.  
Treatment of coal bed methane PW (CBMPW), a type of unconventional gas, by CWTSs 
was addressed in this study.  The major objectives of this research were to: 1) design and 
construct a demonstration CWTS for CBMPW and measure performance in terms of 
decrease in concentrations of targeted constituents; and 2) compare treatment 
performance of adding AquasmartTM versus adding mulch as an organic amendment in 
the CWTS.   
 
1. Design and construct a demonstration CWTS and measure performance. 
The purpose of this study was to 1) characterize the CBMPW in Blue Creek Field 
of Alabama and identify COCs, 2) design and construct a demonstration CWTS to 
renovate the PW onsite, and 3) measure performance of the demonstration system in 
terms of decreases in concentrations of targeted constituents.  The demonstration CWTS 
design enabled treatment of COCs (i.e. ammonia, Ba, Cd, Fe, and Mn) by targeting 
specific biogeochemical pathways, including nitrification and denitrification of ammonia 
to nitrogen gas, precipitation of Ba in the presence of sulfate, precipitation of Cd by 
sulfides produced through dissimilatory sulfate reduction, and oxidation and sorption of 
Fe and Mn. 
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A demonstration CWTS was designed and constructed that decreased 
concentrations of ammonia, Ba, Cd, Fe, and Mn from CBMPW as inflow concentrations 
of COCs varied with time.  Analyses of PW samples indicated inflow concentrations of 
0.1-3.3 mg ammonia-N/L, 5.4-42 mg Ba/L, 0.11-0.28 μg Cd/L, 0.101-2.44 mg Fe/L, and 
0.020-0.169 mg Mn/L.  Constituent concentrations in CWTS outflows routinely 
decreased to less than water quality guidelines (Clean Water Act; 1.4 mg ammonia-N/L, 
1.0 mg Ba/L, 0.25 μg Cd/L, 1.0 mg Fe/L, and 0.05 mg Mn/L).  Although inflow 
concentrations of COCs varied, routine achievement of water quality criteria indicated a 
robust design for the demonstration CWTS.  This study demonstrated that a CWTS could 
be used successfully to decrease the concentrations of ammonia, Ba, Cd, Fe, and Mn in 
CBMPW.  Results (i.e. removal extents, removal efficiencies, and removal rate 
coefficients) from this investigation are encouraging and suggest that a full-scale CWTS 
has the potential to treat PWs with these COCs to meet stringent water reuse guidelines.  
Because COCs investigated in this study occur in PWs associated with other types of 
conventional and unconventional oil and gas, including shale gas and tight sand gas, this 
CWTS design could be adapted for treatment of other PWs.   
 
2. Compare performance of adding AquasmartTM versus adding mulch as an organic 
amendment. 
The purpose of this study was to (1) compare wetland conditions promoted in 
series and cells amended with AquaSmart and series and cells amended with mulch in a 
demonstration CWTS treating CBMPW; and (2) compare treatment of COCs (ammonia, 
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Ba, Cd, Fe, and Mn).  AquasmartTM (Diamond V Corporation, Cedar Rapids, IA, USA), 
which is a fermented yeast product, and shredded hardwood mulch both provide nutrients 
and a source of organic carbon to help transform certain constituents of concern (COCs) 
by promoting reducing sediment conditions. The system design enables treatment of 
COCs (i.e. ammonia, Ba, Cd, Fe, and Mn) by targeting specific biogeochemical 
pathways, including nitrification and denitrification of ammonia to nitrogen gas, 
precipitation of Ba in the presence of sulfate, precipitation of Cd by sulfides produced 
through dissimilatory sulfate reduction, and oxidation and sorption of Fe and Mn. 
In this study, both the AquaSmart and mulch amendments consistently promoted 
reducing conditions necessary for specific treatment pathways, and concentrations of 
ammonia, Ba, Cd, Fe, and Mn in CBMPW routinely decreased to below WQC.  In a 
statistical comparison of removal efficiencies and removal rate coefficients of COCs in 
each treatment series, it was determined that there is no significant difference between 
AquaSmart and mulch, except for removal of Fe, which had higher removal efficiency in 
the mulch series.  However, mean removal efficiencies and removal rates of Ba and Cd 
were greater in series and cells amended with AquaSmart than in series and cells 
amended with mulch, while mean removal efficiencies and removal rates of ammonia, 
Fe, and Mn were greater in series and cells amended with mulch than in series and cells 
amended with AquaSmart.  These results indicate the importance of sediment redox 
conditions for treatment of these COCs.  Sediment redox potential was statistically 
significantly lower (α = 0.05) in the amended cells of the two AquaSmart series (mean -
247 mV; range -415 to -94 mV) than the amended cells of the two mulch series (mean -
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204 mV; range -394 to 44 mV).  Therefore conditions in the AquaSmart series were more 
favorable than in the mulch series for treatment of Cd, than for ammonia, Fe, and Mn, 
which require oxidizing conditions for treatment.   
 
3. Summary 
Results of this study indicate that a CWTS can be designed and built to produce 
biogeochemical conditions that promote targeted processes for the removal of specific 
COCs (ammonia, Ba, Cd, Fe, and Mn) from CBMPW.  The design of a full-scale CWTS 
for effective treatment of these COCs in CBMPW would benefit from targeting 
nitrification and denitrification of ammonia to nitrogen gas, precipitation of Ba in the 
presence of sulfate, precipitation of Cd by sulfides produced through dissimilatory sulfate 
reduction, and oxidation and sorption of Fe and Mn.  In a statistical comparison of 
removal efficiencies and removal rate coefficients of COCs in each treatment series, it 
was determined that there is no significant difference between AquaSmart and mulch, 
except for removal of Fe, which had higher removal efficiency in the mulch series.  
Results of this study demonstrate that a CWTS can be used successfully to decrease 
concentrations of ammonia, Ba, Cd, Fe, and Mn to below stringent water use guidelines.
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APPENDIX A 
Standard Operating Procedures for Water Analysis 
The standard operating procedures used for measurement of biogeochemical conditions 
in the CWTS and analyses of produced water collected from the CWTS are listed below 
and found on the pages indicated. 
General Water Chemistry Parameters .......................................................................... 114 
Hydraulic Retention Time ............................................................................................ 117 
Sediment Oxidation-Reduction Potential .................................................................... 119 
Sampling Coal Bed Methane Produced Water from a CWTS ..................................... 121 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for metals ...................... 122 
Ammonia Concentration .............................................................................................. 124 
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METHOD FOR MEASURING GENERAL WATER CHEMISTRY 
PARAMETERS: pH, DISSOLVED OXYGEN, CONDUCTIVITY, 
TEMPERATURE, ALKALINITY, AND HARDNESS  
 
Ruthanne Coffey, Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H. 
Rodgers Jr.  
 
1.0  OBJECTIVE  
The purpose of this protocol is to measure various general water chemistry parameters.  
Parameters such as pH, dissolved oxygen (DO), conductivity, temperature, alkalinity, and 
hardness are fundamental water chemistry parameters and are necessary for all water 
quality related studies.  
 
2.0  HEALTH AND SAFTEY  
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times.  
 
3.0  PERSONNEL/TRAINING/RESPONSIBILITIES  
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure.  
 
4.0  REQUIRED AND RECOMMENDED MATERIALS  
4.1  Reagents  
Reagent:        Test:  
Milli-Q water        all tests  
pH buffers (4, 7, & 10)      pH, alkalinity  
0.02 N standard sulfuric acid solution (H2SO4)   alkalinity  
Eriochrome Black T indicator     hardness  
Standard EDTA titrant (0.01M, 0.02N)    hardness  
Buffer solution (Reference Standard Methods2340C)  hardness  
 
4.2  Supplies  
Supply:        Test:  
Graduated cylinder       alkalinity, hardness  
100 mL beakers       all tests  
Magnetic stir bar       alkalinity, hardness  
50 mL burette and stand      alkalinity, hardness  
 
4.3  Equipment  
Orion-model A325 pH Meter 
Orion-model 420A pH Meter  
YSI 55 Dissolved Oxygen Meter  
YSI 30 Salinity, Conductivity, and Temperature Meter  
Magnetic stir plate 
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5.0  PROCEDURE  
5.1  pH  
1. Calibrate the Orion Model A325 pH Meter using standard pH buffers 4, 7, and 
10.  
2. Rinse meter with milli-Q water to remove any prior contaminant.  
3. Remove the small blue rubber stopper from the meter.  
4. Submerge the tip of the meter in the sample and gently stir the sample with the 
meter or use a magnetic stir-bar.  
5. When the pH reading has stabilized, record pH in S.U. to a tenth of a S.U.  
6. Rinse probe with milli-Q water between measurements and return to holder.  
 
5.2  Dissolved Oxygen (DO)/Temperature  
1. Calibrate the YSI 55 Dissolved Oxygen Meter.  
2. Rinse probe with milli-Q water to remove any prior contaminant.  
3. Completely submerge the tip of the meter in the sample.  
4. When the DO reading has stabilized, record DO in mg L-1.  Also record the 
temperature to a tenth of a degree (i.e. 20.1ºC).  
5. Rinse probe with milli-Q water between measurements and return to holder.  
 
5.3  Conductivity  
1. Turn on the YSI 30 Salinity, Conductivity, and Temperature Meter.  
2. Rinse meter with milli-Q water to remove any prior contaminant.  
3. Submerge the probe in the sample and gently stir the sample with the probe.  
4. When the conductivity reading has stabilized the conductivity will record in mS 
cm-1 and temperature in degrees Celsius.  
5. Rinse probe with milli-Q water and return to holder.  
6. When finished turn off the meter.  
 
5.4  Alkalinity  
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 
100-mL beaker with a magnetic stir-bar.  
2. Place sample beaker on magnetic stir-plate. Turn on stir-plate to begin mixing 
sample.  
3. Calibrate Orion-model 420A pH meter. Place meter in the appropriate stand, 
with the tip completely submerged in the sample water. (Make sure the stir-bar 
does not hit the pH probe).  
4. Record the initial level of titrant (0.02 N H2SO4) in the burette (fill burette as 
necessary).  
5. Slowly drip titrant into the sample, allowing time for the pH meter to stabilize. 
6. Titrate to pH 4.5.  
7. Record the volume (mL) of titrant used to reach the pH endpoint (pH=4.5).  
8. Calculate: Total Alkalinity (mg L-1 as CaCO3) = vol. titrant (mL) x 20  
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9. Turn off stir-plate and discard sample.  
 
5.5  Hardness  
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a 
100-mL beaker with a magnetic stir-bar. (Dilutions can be made to conserve 
EDTA titrant, be sure to calculate dilutions into the final equation.)  
2. Add 2-5 mL of buffer solution (to give the sample a pH of 10.0-10.1).  
3. Add 2-4 drops of Eriochrome Black T Indicator. Sample should turn gold (deep 
yellow).  
4. Place sample beaker on magnetic stir-plate. Turn on plate to mix sample.  
5. Record the level of titrant (EDTA) in the burette (fill burette as necessary).  
6. Slowly drip titrant into the sample, allowing time for the color change to 
stabilize.  
7. Titrate until the gold turns to a light green color.  
8. Record the volume of titrant (mL) used to reach the color change.  
9. Calculate: Hardness (mg L-1 CaCO3) = volume titrant (mL) x 20  
10. Turn off stir-plate and discard sample.  
 
6.0  QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA  
All procedures are subject to review by the Quality Assurance Unit. 
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METHOD FOR CALCULATING WASTEWATER FLOW RATES AND 
ADJUSTING WATER VOLUMES IN CONSTRUCTED WETLANDS FOR 
WASTEWATER TREATMENT BASED ON HYDRAULIC RETENTION TIMES  
 
Ruthanne Coffey, Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, 
and John H. Rodgers Jr.  
 
1.0  OBJECTIVE  
The hydraulic retention time (HRT) is the time it takes wastewater to flow through a 
constructed wetland treatment system by gravity flow. Accurate HRTs are necessary to 
ensure that the desired contact times of wastewater with sediment are being achieved. 
HRT can greatly influence the chemical, physical, and biological treatment processes 
occurring in the system to treat constituents in the wastewater. HRT is a function of water 
flow rate and water volume. Prior to setting the appropriate flow rates, it is necessary to 
adjust water volumes in the wetland microcosms to constant and known volumes. HRTs 
are chosen based on land constraints, wastewater flow rates, and costs at industrial sites 
where the wetland system will be constructed full-scale. This method describes how to 
efficiently adjust water volumes in wetland cells and calculate the necessary water flow 
rates based on desired HRTs. Common HRTs are 24-, 36-, or 48-hours per wetland 
microcosm.  
 
2.0  HEALTH AND SAFTEY  
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.  
 
3.0  PERSONNEL/TRAINING/RESPONSIBILITIES  
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure.  
 
4.0  REQUIRED AND RECOMMENDED MATERIALS  
4.1 Supplies  
Microcosms containing hydrosoil  
5-gallon bucket  
 
5.0  PROCEDURE  
Based on the site requirements the HRT must first be decided upon and the initial water 
volumes of each wetland cell must be obtained. Fill the free-water surface microcosms 
(already containing sand hydrosoil) with water from a 5-gallon bucket while recording 
the amount of water needed to fill the microcosm. When water flows through the outflow 
elbow the microcosm is full. The volume of water needed to fill the free-water surface 
microcosms should be measured periodically and the flow rate adjusted to account for 
root growth and maturity (decrease in void volume). The water flow rate can then be 
calculated:  
 
Flow Rate (mL/min) = Volume (mL) 
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                                       HRT (min) 
 
Note: in this equation, water volume is given in mL and HRT is given in minutes  
 
6.0  QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA  
All procedures are subject to review by the Quality Assurance Unit. 
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METHOD FOR MEASURING OXIDATION-REDUCTION POTENTIAL OF 
HYDROSOIL IN A CONSTRUCTED WETLAND TREATMENT SYSTEM 
                    
Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, John H. Rodgers, Jr. 
 
1.0 OBJECTIVE 
Oxidation and reduction (redox) reactions mediate the behavior of many chemical 
constituents in wastewaters.  The reactivities and mobilities of important elements in 
biological systems, as well as those of a number of other metallic elements, depend 
strongly on redox conditions.  Like pH, Eh (redox) represents an intensity factor; it does 
not characterize the capacity of the system for oxidation or reduction.  Measurements are 
made by potentiometric determination of electron activity (or intensity) with an inert 
indicator electrode and a suitable reference electrode.  Electrodes made of platinum are 
most commonly used for Eh measurements.  This protocol describes the method used to 
measure redox in the hydrosoil of a constructed wetland treatment system. 
 
2.0 HEALTH AND SAFETY 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
 
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
4.1 Supplies 
Potassium ferrocyanide, K4Fe(CN)6•3H2O 
Potassium ferricyanide, K3Fe(CN)6 
Potassium chloride, KCl 
 
4.2 Equipment 
pH or millivolt meter 
Reference electrode 
Oxidation-reduction indicator electrode 
Beakers 
Magnetic Stirrer 
 
5.0 PROCEDURE 
Prepare ZoBell’s standard redox solution by adding 1.4080 g potassium ferrocyanide, 
1.0975 g potassium ferricyanide, and 7.4555 g potassium chloride to 1000 mL of Milli-Q 
water at 25oC. These measurements must be as accurate as possible to result in a reliable 
solution.  When stored in dark plastic bottles in a refrigerator, this solution is stable for 
several months. 
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Follow the manufacturer’s instructions for using the pH/millivolt meter and in preparing 
electrodes for use.  Immerse the reference electrode connected to the millivolt meter and 
the redox indicator electrode (platinum tip end) in the gently stirred, standard solution in 
a beaker.  Connect the millivolt meter to the end of the indicator electrode opposite the 
platinum tip. Allow several minutes for electrode equilibration then record the reading to 
the nearest millivolt.  If the reading is within ±10 mV from the theoretical redox standard 
value at 25oC (+183 mV), record the reading.  The indictor electrode is ready for 
placement in the hydrosoil.  If the reading is not within ±10 mV, the indicator electrode 
must be remade.  
 
Place the indicator electrode’s platinum tip into the sediment making certain it is not near 
the plant roots.  Secure the electrode with cable ties.  Allow the electrode to equilibrate 
for 24 hours prior to taking any readings.  When measuring the redox potential of the 
hydrosoil place the reference electrode in the same water column as the probe.  Connect 
the millivolt reader to the end of the indicator electrode opposite the platinum tip.  Record 
the redox potential in mV.  Repeat a second time by placing the reference electrode in 
another location.  Successive readings that vary less than ±10 mV over 10 minutes are 
adequate for most purposes.  Adjust the reading according to field corrections and 
electrode calibration corrections.  
 
Example:  The field redox measurement of a hydrosoil was -206 mV.  When the 
electrode was initially calibrated in the lab, the redox reading was +193 mV, which is 
+10 mV difference from the theoretical redox standard value of +183 mV.  The field 
redox measurement must be corrected for this difference by subtracting 10mV from -206 
mV.  This gives a redox measurement of -216 mV.  The standard correction factor for 
field redox measurements for the millivolt reader is +240 mV.  Therefore, this correction 
factor is added to the redox measurement of -216 mV to yield a final redox measurement 
of +24 mV.   
Eh system  = Eh observed + Eh reference standard – Eh reference observed + Eh field correction 
 
Eh system  =   -206mV +   183mV     –   193mV     +      240mV  
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
All procedures are subject to review by the Quality Assurance Unit. 
 
7.0 REFERENCES 
Faulkner, S.P., W.H. Patrick, Jr., R.P. Gambrell, 1989. Field techniques for measuring 
wetland soil parameters. Soil Sci. Soc. Am. J. 53, 883-890.  
 
ZoBell, C. E., 1946. Studies on redox potential of marine sediments. Bulletin of the 
American Association of Petroleum Geologists 30, 477-513. 
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METHOD FOR SAMPLING COAL BED METHANE PRODUCED WATER 
FROM A DEMONSTRATION CONSTRUCTED WETLAND TREATMENT 
SYSTEM (CWTS) FOR MULTIPLE CHEMICAL ANALYSES  
 
Ruthanne Coffey, Michael J. Pardue, Jennifer Horner, Brenda M. Johnson, Laura E. 
Ober, and John H. Rodgers, Jr.  
 
1.0  OBJECTIVE  
The objective of this standard operating procedure (SOP) is to clearly outline and define 
the requirements of aqueous sample collection of coal bed methane produced water to 
ensure quality assurance and quality control measures.  
 
2.0  HEALTH AND SAFTEY  
Proper personnel protective equipment will be worn at all times.  
 
3.0  PERSONNEL/TRAINING/RESPONSIBILITIES  
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure.  
 
4.0  REQUIRED AND RECOMMENDED MATERIALS  
4.1 Supplies  
Plastic Nalgene bottles (500 mL)  
 
5.0  PROCEDURE  
Coal bed methane produced water is introduced into the demonstration CWTS starting at 
approximately time-0 hours from the detention basin (1500 gallon carboy). CWTS inflow 
is sampled from the plastic tube delivering coal bed methane produced water to the first 
reactor in series (500 mL of water is collected in a 500 mL plastic Nalgene bottle). 
 
Water is sampled along the flow path of the CWTSs at sampling ports (PVC pipes 
connecting microcosms). Water is sampled after the first reactor (R1) 24 hours after the 
influent to the CWTS was sampled, assuming a 24-hr HRT per reactor. Water is sampled 
after the second reactor (R2) in the series 48 hours after the inflow was sampled. 
Continue for reactors 3 and 4.  
 
All water samples are immediately transported to the Ecotoxicology laboratory in 
Lehotsky Hall, room 228, and refrigerated at 4ºC until analyses are conducted.  
 
6.0  QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA  
All procedures are subject to review by the Quality Assurance Unit. 
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METHOD FOR MEASURING METAL CONCENTRATIONS USING 
INDUCTIVELY COUPLED PLASMA MASS-SPECTROMETER (ICP-MS) 
 
Ruthanne Coffey, Peter Van Heest, Dr. Brian Powell  
 
1.0  OBJECTIVE  
The purpose of this protocol is to measure total selenium, barium, cadmium, iron, and 
manganese concentration in aqueous samples. 
 
2.0  HEALTH AND SAFTEY  
Proper lab attire, including lab coat, gloves and safety glasses must be worn at all times. 
 
3.0  PERSONNEL/TRAINING/RESPONSIBILITIES 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0  REQUIRED AND RECOMMENDED MATERIALS  
4.1 Supplies 
15-mL plastic centrifuge tubes  
20-mL plastic syringe  
0.45-μm syringe filters  
Pipette 
1-L plastic Nalgene bottle  
Multi-element standards containing Ag, Au, Al, As, Ba, Be, Cd, Co, Cr, Cu, Mn, 
Mo, Ni, Pb, Sb, Se, Th, Tl, U, V, Zn, Cl, Ca, Fe, K, Mg, Na, P, S, and C 
Trace-Metal Grade HNO3  
De-ionized (DI) water  
Tuning solution containing 10 ppb Li, In, Re, Ce, and Be  
Internal standard solution containing Ga and Y 
 
4.2 Instrumentation 
Thermo Scientific X Series 2 ICP-MS 
 
5.0  PROCEDURE 
5.1 Sample Prep 
1. Filter 25 mL of aqueous samples through 0.45-μm syringe filters using one filter 
for each sample. 
2. Pipette 1 mL filtered sample in a 15 mL plastic centrifuge tube. 
3. Bring volume to 10 mL with 2% trace-metal grade HNO3 solution. 
 
5.2 ICP-MS Analysis 
1. Add 20 mL trace-metal grade HNO3 to 1 L DI water contained in 1 L plastic 
Nalgene bottle. 
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2. Create standards ranging from 0.005 to 10,000 μg/L by dilution of Multi-
element standard in 2% HNO3. 
3. Calculate concentrations of each element in each standard. 
4. Verify that there is sufficient Argon supply for ICP-MS. 
5. Turn on chiller. 
6. Open Plasma Lab program on desktop computer. 
7. Select “Create new experiment”. 
8. Select Yttrium and Gallium as reference elements. 
9. In internal standard tab enter the calculated concentrations for each element in 
each internal standard. 
10. In sample list, enter the 12 standards followed by the samples. 
11. Enter a standard between every 10 samples. 
12. Enter last 4 standards after the last sample on list. 
13. Put both intakes into the Nalgene bottle containing 2% HNO3. 
14. On menu select instrument then connect to auto-sampler. 
15. Wait two minutes then place both intakes into the 10 ppb tuning solution 
containing Li, In, U, Ce and Be. 
16. Set argon gas to level 5. 
17. Adjust major settings to obtain Se, Ba, Cd, Fe, and Mn counts of about 10 cps. 
Settings will vary for each analysis. 
18. Adjust nebulizer to obtain Ce/O ratio of 0.02 or less. 
19. Place intake into internal standard solution containing Y and Ga. 
20. Place sample intake into auto-sampler arm. 
21. Go to menu and select experiment. Press Queue then select Vacuum from pull-
down menu and select Append. 
22. The auto-sampler will run the program. When sampling is complete check that 
internal standard recoveries are within the 80% to 120% standard Quality 
Assurance/Quality Control (QA/QC) protocol for the instrument. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
Internal standard recoveries must be within the 80% to 120% standard Quality 
Assurance/Quality Control (QA/QC) protocol for the instrument 
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METHOD FOR MEASURING AMMONIA CONCENTRATION 
 
Ruthanne Coffey, Yun Song, D. Alexander Beebe, Laura E. Ober, Brenda M. Johnson, 
John H. Rodgers, Jr. 
 
1.0  OBJECTIVE  
Ammonia is often a constituent of concern in coal bed methane produced water. 
Ammonia reacts with water to form a weak base. High concentration of ammonia can 
result in harmful effects on aquatic organisms. To determine the ammonia concentration 
in pre-treated and treated coal bed methane produced water, the Orion Model 95-12 meter 
can be used. The meter’s ammonia-selective electrode uses a hydrophobic gas-permeable 
membrane, which separates the sample from an internal solution. A strong base is used to 
increase the sample’s pH to above 11. This converts the dissolved ammonia to NH3. The 
NH3 permeates the membrane and alters the pH of internal solution, which is sensed by 
the pH electrode. 
 
2.0  HEALTH AND SAFTEY  
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
 
3.0  PERSONNEL/TRAINING/RESPONSIBILITIES  
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0  REQUIRED AND RECOMMENDED MATERIALS  
4.1 Reagents 
Ammonia stock standard 1000ppm (as N)  
Ammonia Ionic Strength Adjuster solution (ISA)  
pH 4 Buffer  
 
4.2 Equipment 
Orion Model 95-12 meter  
150 mL beakers  
Stir plate Stir bar 
 
5.0   PROCEDURE 
5.1 Slope Check 
1. Rinse all glassware with MilliQ water.  
2. Warm samples to approximately 20 °C.  
3. Rinse the ammonia probe with MilliQ water, gently wipe with a Kimwipe and 
place in the pH 4 buffer. 
4. Plug probe into meter.  
5. Press “Slope” to ensure the meter is clear. If a number appears, press “reset” to 
clear all stored data.  
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6. Put mode on Mv by pressing “Mode” until the red light appears next to Mv.  
7. Press “0, Cal 1”  
8. In a 150 mL beaker, add 100 mL of MilliQ water and 1.0mL 1000ppm 
ammonia stock standard.  
9. Place the beaker on the stir plate and begin stirring with a stir bar without 
creating a vortex.  
10. Rinse the probe, gently wipe, and place in the beaker.  
11. Add 2.0 mL ISA solution to the beaker and press “read”.  
12. Press “Cal 1” and then “Clear” when the reading stabilized.  
13. Without removing the probe, add an additional 10 mL of the ammonia stock 
standard and press “Read”.  
14. Wait for the numbers to stabilize. The reading should display -57.00=3. 
*Note: If the reading deviates considerably (<60 or >-50), soak the probe in pH 4 
buffer for 10 minutes, redo the slope check, and refer to the trouble shooting 
section of ammonia probe users’ manual. 
 
5.2 Calibration 
1. Press “Clear”.  
2. Rinse and wipe the ammonia probe before placing it in pH 4 buffer.  
3. Rinse three 100mL volumetric flasks and fill with approximately 85 mL MilliQ 
water. Label the flasks 20 ppm, 10 ppm, 1.0 ppm, and 0.1 ppm.  
4. Prepare stock solution in concentration of 100 mg/L, 10 mg/L, 1.0 mg/L and 
0.1mg/L in flasks by using 1000 ppm ammonia standard solution.  
5. Change the mode of the meter to “Activity”.  
6. Pour the 10 ppm solution into a rinsed beaker, and put the beaker with stir bar 
inside on stir plate.  
7. Rinse the probe, wipe, and place in the beaker.  
8. Add 2.0 mL ISA solution to the beaker and press “Read”.  
9. Press “Cal 1” when number stabilizes.  
10. Press “Clear”, remove the probe, rinse, wipe, and place in pH 4 buffer. 
11. Put beaker containing 10 ppm dilution on the stir plate with stir bar.  
12. Repeat step 7 – 10, except by changing “Cal 1”to “Cal 2” in step 9.  
13. Put beaker containing 1.0 ppm dilution on the stir plate with stir bar.  
14. Repeat step 7 – 10, except by changing “Cal 1”to “Cal 3” in step 9.  
15. Press “Clear”, then “Slope”. The number should read -57.00. If the reading 
deviates considerably (<60 or >-50), check dilutions, check the trouble shooting 
section of ammonia probe users’ manual, and recalibrate. 
 
6.0     READING SAMPLES 
1. Warm samples to approximately 20°C.  
2. Rinse beaker with MilliQ water and add 100 mL of sample.  
3. Place beaker on stir plate and stir without creating a vortex. Place probe in 
beaker. 
4. Add 2.0 mL ISA to the sample and press “Read”. 
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5. Record reading after number stabilizes.  
6. Press “Clear”. Remove the probe, rinse, and wipe and place in the pH 4 buffer. 
7. Repeat step 2-6 for each sample.  
8. When samples are completed, rinse and wipe the probe. Place the probe in the 
ammonia stock standard and turn off equipment. 
 
7.0  QUALITY CONTROL CHECKS AND ACCEPTANCE CRETERIA 
All procedures are subject to review by Quality Assurance Unit. 
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APPENDIX B 
 
Tables 
 
Measured concentrations of constituents of concern in the demonstration CWTS can be 
found in Tables 1-14, as well as measured explanatory parameters during sampling 
periods 1-14.  Removal extents, removal efficiencies, and removal rate coefficients for 
ammonia, Ba, Cd, Fe, and Mn can be found in Tables 15-19.
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Table B-15. Ammonia concentrations measured in CWTS inflow and outflows, removal 
efficiencies (%), and removal rate coefficients (d-1). Removal efficiencies and removal 
rate coefficients were calculated using measured concentrations in the series outflows (4-
day HRT).   
  Ammonia  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
9
/6
/2
0
1
2
 
Inflow 1.3 -- -- 
Series A outflow  2.3 *0 *0 
Series B outflow 0.6 54 0.19 
Series C outflow 0.3 77 0.37 
Series D outflow 0.3 77 0.37 
9
/2
0
/2
0
1
2
 
Inflow 0.1 -- -- 
Series A outflow  0.1 *0 *0 
Series B outflow <0.03 >70 >0.30 
Series C outflow <0.03 >70 >0.30 
Series D outflow <0.03 >70 >0.30 
1
0
/4
/2
0
1
2
 
Inflow 0.5 -- -- 
Series A outflow  0.1 80 0.40 
Series B outflow <0.03 >94 >0.70 
Series C outflow <0.03 >94 >0.70 
Series D outflow <0.03 >94 >0.70 
1
0
/1
8
/2
0
1
2
 Inflow 3.3 -- -- 
Series A outflow  1.4 58 0.21 
Series B outflow 1.3 61 0.23 
Series C outflow 0.9 73 0.33 
Series D outflow 1.3 61 0.23 
1
1
/1
/2
0
1
2
 
Inflow 2.3 -- -- 
Series A outflow 0.1 96 0.78 
Series B outflow 1.0 57 0.21 
Series C outflow 0.9 61 0.23 
Series D outflow 0.9 61 0.23 
1
1
/1
5
/2
0
1
2
 Inflow 2.5 -- -- 
Series A outflow 1.1 56 0.21 
Series B outflow 1.2 52 0.18 
Series C outflow 1.2 52 0.18 
Series D outflow 1.2 52 0.18 
1
1
/2
9
/2
0
1
2
 Inflow 2.7 -- -- 
Series A outflow 0.8 70 0.30 
Series B outflow 0.9 67 0.27 
Series C outflow 0.8 70 0.30 
Series D outflow 0.8 70 0.30 
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Table B-15. (continued) 
  Ammonia  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
1
2
/1
3
/2
0
1
2
 Inflow 2.9 -- -- 
Series A outflow  0.4 86 0.50 
Series B outflow 0.5 83 0.44 
Series C outflow 0.2 93 0.67 
Series D outflow 0.3 90 0.57 
1
/1
0
/2
0
1
3
 
Inflow 1.6 -- -- 
Series A outflow  0.1 94 0.69 
Series B outflow 0.3 81 0.42 
Series C outflow 0.1 94 0.69 
Series D outflow 0.2 88 0.52 
1
/2
4
/2
0
1
3
 
Inflow 1.7 -- -- 
Series A outflow  0.2 88 0.54 
Series B outflow 0.2 88 0.54 
Series C outflow 0.2 88 0.54 
Series D outflow 0.3 82 0.43 
2
/7
/2
0
1
3
 
Inflow 1.5 -- -- 
Series A outflow  0.6 60 0.23 
Series B outflow 1.3 13 0.04 
Series C outflow 1.0 33 0.10 
Series D outflow 0.4 73 0.33 
2
/2
1
/2
0
1
3
 
Inflow 2.0 -- -- 
Series A outflow 1.2 40 0.13 
Series B outflow 1.3 35 0.11 
Series C outflow 1.2 40 0.13 
Series D outflow 0.8 60 0.23 
3
/1
4
/2
0
1
3
 
Inflow 1.5 -- -- 
Series A outflow 0.1 93 0.68 
Series B outflow 0.4 73 0.33 
Series C outflow 0.2 87 0.50 
Series D outflow 0.1 93 0.68 
3
/2
8
/2
0
1
3
 
Inflow 1.8 -- -- 
Series A outflow 0.1 94 0.72 
Series B outflow <0.03 >98 >1.0 
Series C outflow <0.03 >98 >1.0 
Series D outflow <0.03 >98 >1.0 
* no decrease in concentration from inflow to outflow 
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Table B-16. Barium concentrations measured in CWTS inflow and outflows, removal 
efficiencies (%), and removal rate coefficients (d-1). Removal efficiencies and removal 
rate coefficients were calculated using measured concentrations in the series outflows (4-
day HRT). 
  Barium  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
9
/6
/2
0
1
2
 
Inflow 7.7 -- -- 
Series A outflow 0.45 94 0.71 
Series B outflow 0.13 98 1.0 
Series C outflow 0.26 97 0.85 
Series D outflow 0.21 97 0.90 
9
/2
0
/2
0
1
2
 
Inflow 6.1 -- -- 
Series A outflow 0.54 91 0.61 
Series B outflow 0.43 93 0.66 
Series C outflow 0.31 95 0.74 
Series D outflow 0.24 96 0.81 
1
0
/4
/2
0
1
2
 
Inflow 9.3 -- -- 
Series A outflow 0.28 97 0.88 
Series B outflow 0.17 98 1.0 
Series C outflow 0.82 91 0.61 
Series D outflow 0.39 96 0.79 
1
0
/1
8
/2
0
1
2
 Inflow 17 -- -- 
Series A outflow 1.2 93 0.66 
Series B outflow 0.91 95 0.73 
Series C outflow 0.59 97 0.84 
Series D outflow 0.42 98 0.93 
1
1
/1
/2
0
1
2
 
Inflow 13 -- -- 
Series A outflow 1.4 89 0.56 
Series B outflow 1.1 92 0.62 
Series C outflow 0.90 93 0.67 
Series D outflow 0.61 95 0.77 
1
1
/1
5
/2
0
1
2
 Inflow 28.6 -- -- 
Series A outflow 28.8 *0 *0 
Series B outflow 29.6 *0 *0 
Series C outflow  25.6 10 0.03 
Series D outflow 25.0 13 0.03 
1
1
/2
9
/2
0
1
2
 Inflow 12.6 -- -- 
Series A outflow 14.6 *0 *0 
Series B outflow 13.9 *0 *0 
Series C outflow 15.5 *0 *0 
Series D outflow 14.0 *0 *0 
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Table B-16. (continued) 
  Barium  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
1
2
/1
3
/2
0
1
2
 Inflow 7.5 -- -- 
Series A outflow 1.8 76 0.36 
Series B outflow 1.9 75 0.34 
Series C outflow 2.9 61 0.24 
Series D outflow 3.1 59 0.22 
1
/1
0
/2
0
1
3
 Inflow 7.4 -- -- 
Series A outflow 1.1 85 0.48 
Series B outflow 1.5 80 0.40 
Series C outflow 3.1 58 0.22 
Series D outflow 3.4 54 0.19 
1
/2
4
/2
0
1
3
 Inflow 6.2 -- -- 
Series A outflow 2.4 61 0.24 
Series B outflow 2.7 56 0.21 
Series C outflow 1.4 77 0.37 
Series D outflow 1.6 74 0.34 
2
/7
/2
0
1
3
 
Inflow 5.4 -- -- 
Series A outflow 2.7 50 0.17 
Series B outflow 2.7 50 0.17 
Series C outflow 2.9 46 0.16 
Series D outflow 3.3 39 0.12 
2
/2
1
/2
0
1
3
 Inflow 42 -- -- 
Series A outflow 2.4 94 0.72 
Series B outflow 2.1 95 0.75 
Series C outflow 2.4 94 0.72 
Series D outflow 3.9 91 0.59 
3
/1
4
/2
0
1
3
 Inflow 7.5 -- -- 
Series A outflow 2.9 61 0.24 
Series B outflow 2.1 72 0.32 
Series C outflow 3.1 59 0.22 
Series D outflow 3.9 48 0.16 
3
/2
8
/2
0
1
3
 Inflow 7.7 -- -- 
Series A outflow 2.1 73 0.32 
Series B outflow 1.9 75 0.35 
Series C outflow 2.5 68 0.28 
Series D outflow 3.9 49 0.17 
* no decrease in concentration from inflow to outflow 
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Table B-17. Cadmium concentrations measured in CWTS inflow and outflows, removal 
efficiencies (%), and removal rate coefficients (d-1). Removal efficiencies and removal 
rate coefficients were calculated using measured concentrations in the series outflows (4-
day HRT). Cadmium was only detected during the first two sampling periods (9/6/2012 
and 9/20/2012).  
  Cadmium  
Sampling 
Date 
Sample 
Location 
Conc. 
(μg/L) 
Removal (%) Rate Coef.  
(d-1) 
9
/6
/2
0
1
2
 
Inflow 0.11 -- -- 
Series A outflow <0.03 >73 >0.32 
Series B outflow 0.03 73 0.32 
Series C outflow 0.03 73 0.32 
Series D outflow 0.10 9 0.02 
9
/2
0
/2
0
1
2
 
Inflow 0.28 -- -- 
Series A outflow <0.03 >89 >0.56 
Series B outflow <0.03 >89 >0.56 
Series C outflow 0.03 89 0.56 
Series D outflow <0.03 >89 >0.56 
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Table B-18. Iron concentrations measured in CWTS inflow and outflows, removal 
efficiencies (%), and removal rate coefficients (d-1). Removal efficiencies and removal 
rate coefficients were calculated using measured concentrations in the series outflows (4-
day HRT). Sampling period 3 is not included due to concentration of iron less than the 
WQC in inflow and outflow. 
  Iron  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
9
/6
/2
0
1
2
 
Inflow 0.276 -- -- 
Series A outflow 0.697 *0 *0 
Series B outflow 0.313 *0 *0 
Series C outflow 0.084 69 0.30 
Series D outflow 0.175 36 0.11 
9
/2
0
/2
0
1
2
 
Inflow 0.101 -- -- 
Series A outflow 0.203 *0 *0 
Series B outflow 0.013 86 0.50 
Series C outflow 0.009 91 0.60 
Series D outflow 0.016 84 0.46 
1
0
/1
8
/2
0
1
2
 Inflow 2.44 -- -- 
Series A outflow 0.088 96 0.83 
Series B outflow 0.016 99 1.3 
Series C outflow 0.028 99 1.1 
Series D outflow 0.017 99 1.2 
1
1
/1
/2
0
1
2
 Inflow 1.48 -- -- 
Series A outflow 0.047 97 0.86 
Series B outflow 0.020 99 1.1 
Series C outflow 0.331 78 0.37 
Series D outflow 0.104 93 0.66 
1
1
/1
5
/2
0
1
2
 Inflow 1.52 -- -- 
Series A outflow 0.119 92 0.64 
Series B outflow 0.070 95 0.77 
Series C outflow 0.123 92 0.63 
Series D outflow 0.144 91 0.59 
1
1
/2
9
/2
0
1
2
 Inflow 0.262 -- -- 
Series A outflow 0.109 58 0.22 
Series B outflow 0.055 79 0.39 
Series C outflow 0.089 66 0.27 
Series D outflow 0.013 95 0.75 
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Table B-18. (continued) 
  Iron  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
1
2
/1
3
/2
0
1
2
 Inflow 0.784 -- -- 
Series A outflow 0.216 72 0.32 
Series B outflow 0.099 87 0.52 
Series C outflow 0.148 81 0.42 
Series D outflow 0.055 93 0.66 
1
/1
0
/2
0
1
3
 
Inflow 0.132 -- -- 
Series A outflow 0.091 31 0.09 
Series B outflow 0.044 66 0.27 
Series C outflow 0.067 49 0.17 
Series D outflow 0.006 95 0.77 
1
/2
4
/2
0
1
3
 Inflow 0.355 -- -- 
Series A outflow 0.130 63 0.25 
Series B outflow 0.055 84 0.46 
Series C outflow 0.114 68 0.28 
Series D outflow 0.037 90 0.57 
2
/7
/2
0
1
3
 
Inflow 0.526 -- -- 
Series A outflow 0.203 61 0.24 
Series B outflow 0.238 55 0.20 
Series C outflow 0.161 69 0.30 
Series D outflow 0.147 72 0.32 
2
/2
1
/2
0
1
3
 Inflow 0.559 -- -- 
Series A outflow 0.338 39 0.13 
Series B outflow 0.324 42 0.14 
Series C outflow 0.243 56 0.21 
Series D outflow 0.185 67 0.28 
3
/1
4
/2
0
1
3
 Inflow 0.539 -- -- 
Series A outflow 0.306 43 0.14 
Series B outflow 0.322 40 0.13 
Series C outflow 0.260 52 0.18 
Series D outflow 0.247 54 0.19 
3
/2
8
/2
0
1
3
 Inflow 0.439 -- -- 
Series A outflow 0.370 16 0.04 
Series B outflow 0.338 23 0.06 
Series C outflow 0.239 45 0.15 
Series D outflow 0.218 50 0.17 
* no decrease in concentration from inflow to outflow 
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Table B-19. Manganese concentrations measured in CWTS inflow and outflows, removal 
efficiencies (%), and removal rate coefficients (d-1). Removal efficiencies and removal 
rate coefficients were calculated using measured concentrations in the series outflows (4-
day HRT). Manganese concentrations were below detection limit during sampling 
periods 3-7, and are omitted from the table. 
  Manganese  
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
9
/6
/2
0
1
2
 
Inflow 0.124 -- -- 
Series A outflow 2.27 *0 *0 
Series B outflow 2.66 *0 *0 
Series C outflow 0.673 *0 *0 
Series D outflow 1.02 *0 *0 
9
/2
0
/2
0
1
2
 
Inflow 0.020 -- -- 
Series A outflow 0.037 *0 *0 
Series B outflow 0.002 86 0.49 
Series C outflow 0.014 27 0.08 
Series D outflow 0.054 *0 *0 
1
0
/1
8
/2
0
1
2
 Inflow 0.169 -- -- 
Series A outflow <0.0014 >99 >1.2 
Series B outflow <0.0014 >99 >1.2 
Series C outflow <0.0014 >99 >1.2 
Series D outflow <0.0014 >99 >1.2 
1
2
/1
3
/2
0
1
2
 Inflow 0.029 -- -- 
Series A outflow <0.0014 >95 >0.77 
Series B outflow <0.0014 >95 >0.77 
Series C outflow <0.0014 >95 >0.77 
Series D outflow <0.0014 >95 >0.77 
1
/1
0
/2
0
1
3
 
Inflow 0.034 -- -- 
Series A outflow 0.027 20 0.05 
Series B outflow 0.007 77 0.37 
Series C outflow <0.0014 >96 >0.80 
Series D outflow 0.011 67 0.28 
1
/2
4
/2
0
1
3
 
Inflow 0.039 -- -- 
Series A outflow 0.037 2 0.01 
Series B outflow <0.0014 >96 >0.83 
Series C outflow 0.033 13 0.03 
Series D outflow <0.0014 >96 >0.83 
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Table B-19. (continued) 
  Manganese 
Sampling 
Date 
Sample 
Location 
Conc. 
(mg/L) 
Removal (%) Rate Coef.  
(d-1) 
3
/1
4
/2
0
1
3
 
Inflow 0.066 -- -- 
Series A outflow 0.044 32 0.10 
Series B outflow 0.043 35 0.11 
Series C outflow 0.038 42 0.14 
Series D outflow 0.027 58 0.21 
3
/2
8
/2
0
1
3
  
Inflow 0.077 -- -- 
Series A outflow 0.050 34 0.10 
Series B outflow 0.033 56 0.21 
Series C outflow 0.021 72 0.32 
Series D outflow 0.018 76 0.36 
* no decrease in concentration from inflow to outflow 
 
 
 
 
 
 
